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AB S TRACT 
Wat e r  s h o r tag e and h i gh e n ergy c o s t  h a v e  promo t ed 
t h e  c o nc e p t  o f  a t ra i l tube i r r i g a t i on s y s t em . Tra i l tub e s  
a r e  perf o ra t ed po l y e t h y l ene h o s es ,  wh i c h  c a n  b e  u s e d  t o  
re p l ac e  s p r i nk l ers o n  a c e n t er p i vo t  i r r i g a t i o n s y s t em for 
wa t er and e n erg y c o n s erva t i o n . 
A t h e ory o n  t h e  h ydrau l i c s  o f  c a t e nary tra i l tub e s  
wa s deve l o p e d  b y  C h u  (1986). T h e  purpo s e  o f  t h i s  s tudy wa s 
to eva l ua t e  t h e  c a t enary t r a i l tube t h e o r y  under l abora tory 
c o n d i t i o n s . P erfo r a t i on f l ow r a t e , e l ev a t i o n and pre s s ure 
we r e  mea s u r ed on t h r e e  tra i l tube s_ i n  t h e  l ab o r a tory . Tube 
f l ow r a t e , v e l oc i t y h e ad and fr i c t i on l o s s  al o n g  t h e  tube 
were c a l c u l a t e d  fro m  mea s ured d a t a . C o mpar i s ons o f  
l abora t ory d a t a  wi th t h e o re t i ca l  v a l u e s  i nd i ca t e  t h a t  t h e  
t h e ory i s  ad e qu a t e  f o r  t h e  d e s i g n  o f  c a t e n ary tube 
i r r i ga t i on s y s t ems . 
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I NTRODUCT I ON 
I rr i ga t i o n m e t h ods have underg o n e  many c h a n g es 
t h r o u g h o u t  h i s t ory . 
2 0 0 0 - 3 0 0 0  years ago . 
S urfac e i rr i ga t i on wa s s t a r t ed about 
I n  many parts of t h e  w o r l d , p e o p l e  
a r e  s t i l l  u s i ng s u r fac e i rr i ga t i o n for c r o p  produc t i on . 
Th e d i s advan tag e s  o f  s urfac e i rr i g a t i on a r e  t h e  tremend o us 
l ab o r  requ i remen t s  and the wa t er l osse s f r om s u r fa c e  r u n o f f  
and deep pe rc o l a t i on .  S p r i nk l e r  i rr i ga t i o n wa s deve l o ped 
in t h e  1 9 3 0 ' s  b e c au s e  of i t s ease in c on t r o l l i ng w a t er 
appl i c a t i o n . Wa t e r  l o s s e s  f r om s u r fac e r un o f f  and deep 
p e rc o l at i o n we r e  gr e a t l y  reduc ed by s pr i nk l e r  i r r i g a t i o n . 
Th e earl i e r t ype s o f  s pr i nk l e r  sys t em s  i nc l ud e  h and m o v e  
l a t e r a l s ,  t o w  l i n e s  a n d  s p ray booms . As t h e  s h ort a g e  o f  
l abo r and t h e  i nc re a s e  o f  l ab o r  c o s t  i n  agr i c u l ture b e c ome 
e x t e n s i ve , t h e  m e c h an i z a t i on o f  farm ope ra t i o n and the 
au toma t i on of i r riga t i on are a n e c e s s i t y . 
C e n t e r  p i v o t  s y s tems we re i n t roduc e d  
me e t  t h e  l ab o r  s h o r t age i n  i r r i gat i o n ( Pa i r 
i n  1 9 5 0  t o  
e t  a l . ,  1 9 7 5 ) .  
H i gh e n e rgy r e qu i r emen t , wat e r  evapo r a t i on and surface 
runo f f  l o s s e s  a r e  i nherent p r o b l ems o f  c e n t er p i v o t  
i r r i ga t i on . T h e  r ela t i ve abundance o f  g r o un d  wa t er supply 
and l ow c o�t e n e r g y  enab l ed the c e n t e r  p i v o t  sy s t e m  to 
b e c o m e  t h e  mo s t  p o pu l ar i rr i g a t i o n meth o d  dur i n g  1 9 60's 
and 1 9 7 0 ' s .  
2 
I n  t h e  me an t i me the av a i l ab i l i t y o f  e c onom i c a l  
p l a s t i c  t ube s , a pe t r o l eum bas ed p r oduc t , h a s  enhanc ed t h e  
prac t i c e  ci f  dr i p  i rr i g a t i on .  I n  s ome pa r t s  of t h e  wo rld , 
such as t h e  de s e r t  a r e a s  i n  I s rae l , wa t e r  s h o r t a g e i s  t h e  
pr i mary l i m i ta t i on i n  ag r i cu l t u r a l  deve l opme n t . I n  o rd e r  
to reduc e t h e  wa t e r  and e n e rg y  r e qu i r eme n t s  o f  i r r i gited 
ag r i cu l t u r e , d r i p  i r r i g a t i on was deve l o ped in t h e  ear ly 
1 960 ' s  ( Howe l l  et a l . ,  1 9 8 0 ) . A l t h ough s om e  d i f f i cu l t i e s , 
such a s  c l o gg i ng of em i t t e r  and h i gh mat e r i a l  c o s t , a r e  
pr e s e n t , d r i p  i r r i ga t i o n repr e s e n t s  an advanc e d  i r r i g at i o n 
s y s t em , e s pe c i a l l y  i n  s em i ar i d  and ar i d  r e g i o n s . 
The e n e r g y  c r i s i s  i n  t he 1 9 7 0 's made l ow c o s t  
en e rgy a t h i ng o f  t h e  pa s t . Gr ound wa t e r  s upp l i e s  we re 
de p l e te d  t h rough e xc e s s i ve pump i ng due to t h e  i nc r eas i ng 
demand f o r  i r r i g a t i o n wat e r . As t h e  wo r l d p o pu l a t i o n 
c o n t i nues t o  i nc r e a s e , e ff i c i en t  ways t o  u s e  wa t e r  a r e  
ne eded t o  s upp l y  t h e  wat e r  demand o f  t h e  wo r l d . I n  r e c e n t  
ye a r s  wa t e r  �ho r t a g e s  a n d  h i gh e n e r g y  c o s t s  h e l pe d  fo s t e r  
t h e  t ra i l t ub e  i r r i ga t i on c oncept . 
T ra i l t ub e s  are p e rf o r a t ed po l ye t h y l e n e  h o s e s  
s i m i l ar t o  t h e  l a t e ra l s  o f  a t r i ck l e  i r r i ga t i on s ys tem . 
Th e s e  tub e s c an be u s ed t o  r e p l a c e  s p r i nk l e r s o n  t h e  ma i n  
l i ne o f  a c e n t e r  p i vo t  s y s t em . Wa t e r  supp l y  and _mob i l i t y o f  
tube s a r e  p r o v i ded b y  t h e  ma i n  l i ne o f  a c e n t e r  p i vo t  
s y s t em . T ra i l t ube s a r e  drawn a l on g  t h e  s o i l  s u r face, 
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emi t t i ng wat e r  o n  e i t h e r  s i de o f  t h e  tube . P o t enti a l  
bene f i t s o f  t ra i l  tube i r r i g at i on a r e  dec r e a s ed pump en e rgy 
�e qu i r emen t s , i nc re a s e d  wa t e r  u s e  e f f i c i en c y  and 
dec r e a s e d  i r r i ga t i on app l i ca t i on l o s s e s . 
The o p e r a t i ng p r e s sure o f  a t r a i l tube i s  l owe r 
than that o f  c onven t i onal s pr i nk ler s . Th i s  r e duc t i o n o f  
p r e s s u r e  a l l ow s  e n e r g y  s av i ng s , when c ompa r e d  t o  that o f  a· 
s t anda rd c e n t e r  p i vo t  s ys t em . Tra i l  t ub e s  app l y  wa t e r  
unde r t h e  c ro p  c anopy . Wa t e r  l o s s e s  due t o  e vapo ra t i o n and 
w i nd d r i f t  a r e  t h e r eby r educ ed . 
S u r fa c e  runo f f  i s  usua l l y  as s o c i a ted w i th low 
pre s su re s p r i nk l e r  i r r i g at i on s y s t ems . L o n g  t ra i l  tube 
i rr i ga t i o n can be u s ed tc provide a l a rge we t t i ng pattern 
and redu c e d  i rr i ga t i on app l i cat i on r a t e s  f o r  runo f f  
c on t r o l . S u c h  r educ t i on s  i n  wat e r  l o s s  enhanc e wa t e r  u s e  
e f f i c i ency . 
A l ev e l  i rr i g a tion t ra i l  tube was stud i ed by 
s tude n t s  o f  t h e  Ag r i cu l tural Eng i ne e r i ng D e par tme n t  at 
S o uth Dak o ta State Un i ver s i t y ( Fa r r e l l  et a l . ,  1 9 8 1 ) . 
T e s t s  w e r e  c o nduc t ed t o  dete rmi ne t h e  d r ag f o r c e  exer ted on 
a c en t e r  p i vo t  by a t ra i l tube . Pe r f o rat i on f l ow r a t e s  were 
meas u r ed to ana l yz e  t h e  un i f orm i ty o f  wa t e r  d i s t r i bu t i on . 
An e c o n om i c  ana l ys i s  wa s conduc t ed t o  examine e n e rgy 
s av i ng s  by t h e  l owe r p r e s sure i r r i g a t i on tube s . 
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T h e  h ydraul i c s  o f  tube i r r i gat i o n ·f o r  a level t r a i l  
tube s s ys t em w a s  de ve l oped b y  C h u  ( 1 9 8 2 ) .  F o r a leve l t ube 
sys t em , a l l t h e  pe r f o ra t i o n s  are lo c a t ed on t h e  down s t ream 
s ec t i on ( F i gu r e  1 )  wh e r e  t h e  tub e s  l i e  on t h e  s o i l  
s u r face . The up s t ream p o r t i on of th e tub e , wh i c h fo rms a 
c a t e na r y  and h an g s  be twe en the c e n t e r  piv o t main l i rie · and 
the s o i l s u r face, was not u s ed for wat e r  d i s t r i bu t i o n .· 
Wh en t h e  ups t r eam po r t i on i s  pe r f o ra t ed , t h e  t o t al tube 
l en g t h  c an be s h o r t e ned and the mat e r i a l c o s t  reduced. 
Th i s  was t h e  r e a s o n  wh y a c omp r e h en s i ve s t udy o f  c a t e nary 
t ra i l  tube i r r i g a t i on wa s i n i t i at e d . Th e o r y on the 
hydraul i c s  of t h e  c a t e nary t ra i l  tube wa s d e v eloped by Chu 
( 1 9 86 )  wh i ch i nc l uded tube leng th , t ube flow r a t e , flow 
rate d i s t r i bu t i o n and p r e s s u re d i s t r i but i on . 
T h e  purpo se o f  th i s  s t udy was t o  e v&luat e t h e  
c a t enary t ra i l tube t h e o ry unde r labo ra t o r y  c o ndit i o ns . 
Parame t e r s , i nc l ud i ng the numbe r and spacing of 
pe r f o rat i on s , · we re de te rm i ned f r om t h e  t h e o r y  fo r the 
de s i gn o f  t ra il tubes und e r  t h r e e  s elec t ed t e s t i ng 
c o nd. i tion s . Measu r em ents o f  t h e  pe r f o r a t i o n f l o w rate , 
ele va t i on and p r e s s u r e  alo ng the t r a i l  tube w e r e  ob t a i ned 
i n  the lab o ra t o r y . C ompa r i s on s  o f  t h e  m e a s u r ed va lue s and 
the i r  th e o r e t i c al c o unterpa r t s  we r e  c o nduc t e d  t o  exam i n e 
the reli ab i l i ty o f  t h e  hyd r au l i c  t h e o r y  f o r t h e  catenary 
t ra i l tube . 
MAI NLINE OF TH E C ENTER 
PIVOT SYSTEM 
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Figure 1 .  Sideview of a catenary trail tube 
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OBJECT I VES 
Th e o b j e c tiv e s  of the s tudy we r e: 
1 .  T o  u s e  th e t h e o r y  t o  d e s i gn t hre e c a t e nary trail 
tub e s  und e r  s e l ec t ed t e s t i n g c ondit i o n s . 
2 .  T o  mea s u r e  th e f l ow rate , e l evat i o n and pre s s ure 
a l o ng t h e  c a t enary tube in t h e  labora t ory . 
3 .  T o  c a l c u l a t e  t h e  -ve l ocity h e ad and e n erg y l o s s  
a l o n g  t h e  c a t enary tube f r om t h e  m e a s ur e d  data. 
4 .  To c ompa r e  t h e  measured f l ow r a t e , e l e va t i o n , 
ve l oc i ty h e ad , pr e s s u r e  and fr i c t i o n l o s s  w i th 
re s u l t s  pred i c ted using t h e  t h e ory . 
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L I TERATURE REV I EW 
Or i f i c e  F l ow 
A pe r f o ra t i on on a t ra i l tube is an o r i f i c e . 
Wa t e r  f l ow o u t  of a p e r f o r a t i o n i s  de s c r i b ed by t h e  
o r i f i c e  f l ow f o rmu l a  ( B rat e r  a n d  King , 1 9 76 ) . 
Wh e r e  q = o r i f i c e  f l ow r a t e , ml/ s  
C Q  = d i s c h a r g e  c o e f f i c i e n t  
a = o r i f i c e  c r o s s - s e c t i ona l a r e a , m 2  
g = g r av i ta t i onal ac c e l e rat i on = 9 . 8  m / s 2 
p / G  = Hp = p r e s sure h e ad , m. 
p r e s s u r e  and G 
wei ght of fluid. 
Wh e r e  
i n  N / m3 
p i n  k Pa 
i s  t h e  
( 1 ) 
i s  
un i t  
S ev e r a l  d i c h a r g e  c o e f f i c i en t s  h av e  b e e n  d eve l o ped 
and mod i f i ed by r e s earc h e r s. A t h e o r e t i c a l  CQ va l u e  f o r  a 
j e t i s  0 . 6 1 1 ,  as c a l c u l a t ed f r o m  t h e o r y  o f  hyd r odynam i c s  
S t r e e t e r , ( 1 9 0 9 ) . S m i th, B r a t e r  and K i ng ( 1 9 7 6 ) , fo und CQ 
t o  be 0 . 65 5 and 0 . 6 1 1 a t  a p r e s s u r e  h ead rang e o f  0 . 6 and 
3 . 0 5 -m f o r  c i r c u l a r o r i f i c e s  w i th a d i am e t e r  o f  0 . 6 - c m . 
Medaugh and J o h n s on, 1 9 4 0  i n  B r a t e r  and King, 
1 9 76 i nv e s t i g a t ed o r i f i c e s  lar g e r  than 0 . 6-c m in 
d i am e t e r . Va l u e s  o f  t h e  d i s c h a r g e  c o e f f i c i e n t  f o r  a 2.54-
em o r i f i c e  were found to be be tween 0 .  6 3 . and 0 . 5 9 . The 
d i f f e r en c e s  w e r e  n o t  e n t i r e l y· due to expe r i m enta l e r r o r s . 
8 
Man y o t h e r  f ac t o r s a r e  in vo l ved , s uch a s , · t h e  ratio of t h e  
ori fic e diame t e r  t o  the dimensio n s  o f  t h e  tank wa l l , t h e  
s h a rpne s s  o f  t h e  o r i fic e edg e , t h e  rough n e s s  of t h e  inn e r  
s u r f ac e  and t h e  t emperature o f  t h e  wat e r . 
Hydraul i c t h e o r y  p redic t s  that f o r  l aminar flow , 
t h e  o rific e f l ow r a t e  will vary d i r�c t l y  wit h  o p e r a ting 
pre s s ur e . F o r  f u l l y  t u rbu l en t  flow , t h e o r y  p r e dic t s  that 
the o ri fic e f l ow rate will vary as t h e  s qu a r e  r o o t  of the 
ope rating p re s s ur e  a s  de s c ribed by Equa tion (1) B o s we l l  
(1985). 
P ipe F l ow 
Wa t e r  f l ow in t rail tub e s  c a n  b e  de s c ribed as 
wat e r  f l ow in a pipe with b ranched o ut l e t s . Pipe f l ow c an 
b e  de f i ned a s  "any c l o s ed c o nduit whic h c a r rie s wat e r  unde r 
p r e s s u r e " ( B r a t e r  and K i ng , 1976). When wa t e r  f l ows in a 
pipe , p re s s u r e  l o s s e s occur f rom f r i c t i on . F ric tion l o s s  
o r  ene r g y  l o s s p e r  un i t  l e n g t h  o f  p i pe depends upon t h e  
rough n e s s o f  t h e  in s ide wall s o f  t h e  pipe , t h e  diame t e r  o f  
t h e  pipe , t h e  vis c o sity o f  t h e  wa t e r  and t h e  v e l oc i t y o f  
the f l owing wat e r  in t h e  pipe . 
One o f  t h e  bas i c  equat i on s  to de s c ribe pipe flow i s  
t h e  c on t i n uity e quatio n , 
the c o n s e rvat i o n o f  mas s . 
whic h is de rived f r om t h e  law o f  
Th e f l ow ra t e  o f  wa t e r  in a pipe 
i s  the p r oduc t o f  ave rag e velocit y o f  t h e  wa t e r  and pipe 
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f l ow c ro s s - s e c tion a l  area ( Pa i r  e t  a l . ,  1 9 7 5 ) .  
Q : A*V ( 2 ) 
wh e re Q = f l ow rate , m3 / s  
A = f l ow c r oss- s e c tion a l  a r e a , m 2 
V = ave r age ve l 6c i t y o f  f l ow , m / s . 
Ano th e r  basic e qua t i o n in hydrau l i c s  is t h e  l aw o f  
c o n s e rvatio n o f  ene rgy a s  expre s s ed b y  B e rn o u l li's E qua t i o n 
( B r a t e r  and K i ng , 1 9 76 ) . 
wh e r e  
z 1 + 
2 g  
P t 
+ - - = z 2 + 
w 
z = E l evation , m 
2 
Vz 
2 g  
+ 
w 
V 2 / 2 g  = ve l ocit y h ead , m 
p / w  = pre s s u r e , m 
H = f ric t i o n l o s s , m .  
+ H ( 3 ) 
S u b s c rip t 1 rep r e s en t s  an up s t r e am po i n t and 
s ub s c r i p t 2 ,  a down s t r eam po i n t . 
The Darc y-Weisbach f o rmu l a  ( Pair , 1 9 7 5 ) i s  a bas i c  
e qua t i on t o  de s c r i be t h e  p i pe fr i c t i o n l o s s  i nc l uded i n  
t h e  e n e r g y  equat i o n f o r  bo th l am i nar and turbu l e n t  f l ow 
co nd i t i on s . 
wh e r e 
H = f *  








D 2 g  
f ric t i on 
f ric tion 
l e ngth o f  
l o s s , m 
c o e f ficie n t  
line , m 
in side pipe d i ame t e r , m 
pipe f l ow v e l oc i t y ,  m / s 
g ravit ational ac c e l e r atio n 
1 0  
( 4 ) 
= 9 . 8 m/ s z. 
The f r i c tion c oe f fic ein t , f ,  is a c omp l e x quantity 
which n o t  on l y  depends upon the r oug h n e s s  of the p i pe 
mat e rial ,  b u t  a l s o  o n  ve l ocity and · pipe diame t e r . Mo ody ' s  
diagram ( F i gu re 2) is R graph i c a l  r e p resen tation of the 
f ric tion c o e f ficien t . I t s value rang es fr om 0 . 0 1 5  f o r  large 
s mo o t h  p i pe to abo u t  0 . 0 5 f o r  v e ry rough pip e  in s p r i n k l e r  
ir rig a tio n ( Ch r i s tian s en , 1 9 4 2 ) . 
V = 4 . 6 6 7 * C * R o .6 3 * so . s4 ( 5 ) 
wh e r e  v = pipe f l ow ve l oc i t y ,  c m / s  
c = H aze n - Wil l i ams r oug h n e s s  c o e f f i c i en t  
R = D / 4  = h yd r au l i c  radius o f  t h e  p i pe , em 
D = i n s i d e  p i pe di ame t e r , em 
s = H / L  = en e rg y  l o s s  pe r f o o t  o f  p i pe 
L = p ipe l e n g t h , em. 
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Figure 2 .  Friction factors for commercial pipe. (from " friction f actors for 
pipe flow, " by L. F. Moody, Trans. ASAE, Vol. 66, 1944, with per­
mission of the publishers, The American Society of Mechanical Eng) 
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The Haze n - Wil liams f o rmu l a  ( B r a t e r  and King , 1 9 7 6 ) 
is an empiric a l  f o rmu l a  that de s c ribe s  t h e  c o mm e rcia l p i pe 
fr i c t i on l o s s . I t  c an be s h own f ro m  t h e  H azen - W i l l iams 
fo rmu l a  t h a t  t h e  f va l ue is propo r tion a l to t h e  0 . 1 5 th e 
powe r o f  R e yn o l d s  numbe r . Th e powe r r e pr e s e n t s  t h e  s l ope 
o f  t h e- c u r v e s  in Mo ody ' s  diag ram which indic a t e s  tha t  th e 
Haze n - Wil liams f o rmu l a  provide s t h e  r e l a tio n s h i p  be tween f . 
and Re f o r  t h e  range o f  Reyno l ds Numbe r f r o m  5 * 1 0 -4 t o  
1 0 -& f o r  a t u rbu l e n t  f l ow c o ndition . 
This f o rmu l a  i s  wide l y  u s ed in wat e rw o r k s de sig n  
becau s e  o f  i t s  simp l e  f o rm . Typic a l  v a l u e s  f o r  t h e  H aze n -
Wil liams r o ughn e s s  c o e f ficien t , C , - a r e  pr e s e n t e d  i n  Tab l e  
1 . 
Tab l e  1 .  H azen -Wil liams roughne s s  c o e f ficie n t  
val ue , C ,  f o r  dif f e r e n t  pipe s . 
------------ - ----------------- ---- - -----------
-- - ---- - --------------------------------------
Type o f  pipe 
Ext r e me l y  s mo o t h  
V e r y  s mo o t h  
New rive t ed s t e e l  
O l d  riv e t ed s t e e l  
O l d  c a s t iron 
Old pip e s  in p o o r  
and s t raig h t  
c ondit i on 
C va l u e  
1 4 0 
1 3 0 
1 1 0  
1 0 0 
9 5  
6 0 -80 
1 3  
The H aze n - Wil liams fo rmu l a  was u s ed in this s tudy 
bec aus e it wa s f o und by S hanna and C h u  ( 1 9 8 2 ) to be t h e  
be s t  f o rmu l a  t o  r e p re s e n t  the fric tio n  l o s s  i n  t r a i l  
tube s . 
An ir riga tion l a t e ral is a pipe wit h b r an c h ed 
outle t s . The o u tle t s  c an be t h e  sprink l e r s  o n  a s prinkle r 
l a t e r a l  o r  c an be t h e  pe r f o ra tion s  on a t ra i l tube . The· 
f ric tion lo s s  o f  a la t e r al in a h an d  move s pr i nkl er 
ir rig ation s ys t em was s tudied by C h ris tian s e n  ( 1 9 4 2 } . Th e 
f l ow r a t e  in a l a t e ral d e c r e a s e s  t oward it s down s t r eam end 
becau s e  wa t e r  is div e r t ed out o f  the la t e ral t h r ough 
s p rink l e r s . F ric tion lo s s  per unit l en g t h  o f  la te r al 
de c r e a s es-in t h e  downstream direct i o n b ecau s e  f riction loss 
is a f f ec t ed by f l ow rate . I t  follows t h a t  the f ric tion 
l o s s  o f  a l a t e r a l  is smal l e r  than tha t o f  an a s s oc iated 
pipe . The a s s ocia t ed pipe is a mainlin e pipe with t h e  s ame 
charac t e ris tic s inc l uding-size , l en g t h , s u r f a c e  r o ugh n e s s  
and t o t a l  flow r a t e  a s  t h e  lat e r al . I t  is c onvenien t that 
t h e  f ric tion l o s s  of a l a t e r a l  be expr e s s ed a s  a f r ac t i o n 
o f  t h e  fric tion l o s s  o f  an a s s ociat ed pipe bec au s e  t h e  
la t t e r  quan tity c an easily be d e t e rmined f r om t h e  Hazen­
Williams fo rmula . Th i s  frac tio n was in t r odu c e d  by 
C h r i s tian s e n  ( 1 9 4 2 ) as the F .fac t o r . 
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IR 
whe r e  
Hr 
F = = - - - - - - - - - - - - - - - - - - - -
F = Th e F fac t o r  
Hr = t h e  f ric tion l o s s  o f  a l a t e r a l  w i th equal 
s pa c ed s p rink l e r s , m 
Hs = t h e  .f ric tion l o s s  o f  an a s s o cia t ed s upply 
l in e  ( with o u t  s prink l e r s ) ,  m 
m = t h e  expone n t  o f  d i s c h a r g e  in a fo rmu l a  of 
t h e  f r i c tion l o s s  o f  a s u pp l y l i ne 
( C h ris tians en , 1 9 4 2 ) 
N = t h e  number o f  s prinkle r s  o n  t h e  l a t e r a l . 
14 
( 6 ) 
I n  t h e  de riva tio n o f  the F f ac t o r  f o r  t h e  l a t e r a l , 
Ch ris tian s e n  a s s umed that t h e  fir s t  s prink l e r  h e ad is one 
sprink l e r  s pacing f r om the be ginning o f  t h e l a t e ral .  
J e n s en and F r an tini ( 1 9 5 7 ) r e a l i z ed t h a t  f o r  mo s t  o f  t h e  
ir rigation l a t e ra l s  t h e  fir s t  s p r i nk e r  i s  one - h a l f  the 
s p rink l e r  s pacing away from the main pipe l ine . J e n s e n  and 
Frantini ( 1 9 5 7 ) de riv ed an ad j u s t ed F fac t o r  whe re the 
fir s t  ris e r  is o n e - h a l f s prink l e r  s pac i ng f r om t h e  up s t ream 
end th a t  
1 •  + 2 •  + • • •  + N�/ 2 
F a  = - - - - - - - - - - - - - - - - - - - - ( 7 ) 
N•+l - N•/ 2 
Wh e re Fa = The ad j u s t ed F fac t o r . 
The F fac t o r  c onc e p t  was a l s o  u s ed i n  t h e  
de r i va tio n o f  t h e  f r i c tion l o s s  f o r  a c a t e n a r y  t rail tube . 
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T h e  a s s o cia ted pipe in th i s  c a s e  i s  a t rail t ub e  with out 
per f o ra t i on s . The F fac t o r  o f  a c a t ena ry t ra i l  t ube is the 
t o t a l  'f r i c t i o n l o s s  of a catenar y t rail t ub e  expre s s ed a s  a 
f ra c t i on o f  t h e  f r i c tion l o s s  o f  t h e  as s o c i ated pipe . The 
fr i c tio n l o s s  of the a s s ocia t e d  p i pe is giv e n  by the Haze n­
Wil l i ams f o rmu l a . 
Sprink l e r  I r r i gat i on 
T h e  advan c em e n t  o f  i ndus t ria l t ec hno l o g i e s made 
pump and p i pe ava i l ab l e  on the c omme rc i a l  mark e t . I n  the 
ea r l y  1 9 3 0 ' s ,  suc h advancemen t s  p r omoted the deve l o pme n t  o f  
s p r i rik l e r  irr i ga t i on . S pr i nk l e r  · i r r i ga t i o n i s  a s y s tem 
that t r a n s p o rts wa t e r  from the sourc e in p i pe s , using the 
ene r g y  p r ovided by pumps , and dis t r i bu t e s  wate r t o  the 
i r r i ga t ed area by s p r i nk l e r s . Th e advan t a g e s  o f  s pr i nk l e r  
irr i g at i on are i t s h i gh wa t e r  app lic a tion e f f i c i e ncy , 
reduc ed d e e p  p e rc o l a t i on l o s s  a s  compa r e d  w i th s u r fac e 
i r r i g a tio n me tho ds and i t s ada p t abil i ty t o  a w i de r an g e  o f  
s o i l s , wea t h e r  and t opo g raphic c ond i t i o n s . D i s advan tag e s  
a s s ocia t ed w i th s p r i nk l e r  ir r i g at i on s ys t em are h i gh c o s t  
o f  l abo r , hig h  ene r g y  c o s t  and wa t e r  evapo r a t i on l o s s e s . 
I n  r e c e n t  years , c e n t e r  p i vo t  s y s t em s  have b e c ome 
one of t h e  i mpo r t an t  i r r i gat i o n s ys tem s  in the wo r l d . A 
c e n t e r  p i vo t  s y s t em c o n s i s t s  o f  a s i ng l e  s p r i nk l er l a t era l 
o r  t h e  ma i n l ine . The ups tre am end o f  t h e  ma i n l i ne i s  
c o n ne c t ed t o  a f i xed p i vo t  s t ru c t u r e , 
con t i nu o u s l y  r o t a t e s  ar o und t h e  p i v o t . 
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t h e  o t h e r  end 
Wa t e r  i s  supp l i ed 
t o  t h e  l a t e r a l  f r om the �ou r c e  t h r ou gh t h e  f i x ed pivo t . 
Th e ma i n l i n e i s  ra i s ed above t h e  g r ound s u r f ac e and i s  
supp o r t ed by t owe r s  o r  t ru s s e s , wh i ch move o n  wh e e l  o r  s kid 
s u pp o r t  u n i t s ( Add i nk e t  al . ,  1 9 8 0 ) . 
The c e n t e r  p i vo t  i r r i g at i on c o n c e p t  wa s develo ped · 
i n  l a t e  1 9 5 0 's be c au s e  o f  i t s l ow l ab o r  r e qu i r e m e n t s , h i gh 
e f f i c i en c y  i n  wa t e r  d i s t r i bu t i on and aut omat i c  con t r o l ling 
f ea t u re s . Th e c e n t e r  p i v o t  i r r i ga t i on s y s t em i s  c apab l e  
o f  o p e r a t i n g  f o r  l ong pe r i od s  o f  t i me w i t h m i n i mum l ab o r  
r e qu i reme n t  ( Pa i r  e t  a l . ,  1 9 7 5 ) .  
The c e n t e r  p i vo t  i r r i g at i o n s y s t em prov i de s  a 
car r i e r  f o r  t h e  t ra i l  t ub es . The ex i s t e nc e  o f . t h e  c e n t e r  
p i vo t  i r r i g a t i on s y s t em make s  t h e  ope rat i on o f  t ra i l  tube 
i r r i ga t i o n po s s i b l e . 
D r i p I r r i ga t i on 
D r i p  i r r i g at i on was deve l o ped i n  t h e  e a rly 
1 9 6 0 's and i s  a s ys t em , wh i ch suppl i e s  wa t e r  s l owly 
t h r ough m e chan i ca l  dev i c e s  c a l l ed em i t t e r s  a t  s e l e c t ed 
po i n t s  a l o n g  t h e  de l i ve r y  tube d i r e c t l y  t o  t h e  plan t s. 
Evapo r a t i on and s u r face runo f f  wa t e r  l o s s e s  a r e  m i n i ma l .  
D r i p  i r r i ga t i o n i s  s u i tab l e  i n  a r i d  r e g i o n a n d  de s e r t . I t  
i s  u s ed t o  p r o v i de po i nt appl i ca t i on o f  i r r i g a t i on wa t e r  
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f o r  o rc h ards and v i n e yards . 
Th e ma i n  advant ag e  o f  dr i p  ir r i ga t i on i s  th e 
app l i da t i on o f  wat e r  tb a �ma l l  area near t h e  p l an t. When 
a l i m i t e d  s o i l  s u r face is i r r i ga t ed , 
and fun gus p r o b l e m s  a r e  d i m i n i shed . 
weed g r ow t h , 
E f f i c i e n t  
dis e a s e  
u s e  o f  
f er t i l i zers i s  ach i eved , wh en f e r t i l i z e r s  a r e  i n j ec t ed i nto 
irr i g at i on wa t e r . The wat e r  ava i l ab i l i ty 
max i m i z e s  p l an t  g r owth and y i e l d  produc t i o n. 
wat e r  app l i ca t i o n s c h e du l e  ke eps the s a l t s  i n  
wat e r  m o re d i l u t e  and l e ac h ed o u t  ( Howe l l  e t  a l . , 
E m i t te r  c l o g g i ng is c on s i d e r e d  t o  be 
t o  p l an t s  
T h e da i ly 
t h e  s o i l  
1 9 80) . 
t h e  ma j o r 
probl em i n  d r i p  i r r i g at i on s ys t ems. The c l o gg i ng i s  
attr i buted main ly to the organic materials and part i c l e s  o f  
s and fo und i n  wat er. C l ogg i ng can re s u l t  f r om c h em i c a l  and 
bio l o g i ca l  g r ow t h  i n  t h e  em i t t e r ; t h i s  may d i s ru p t  t h e  
operat i on o f  t he s y s t em and reduc e t h e  u n i f o rm i ty o f  wat er 
d i s t r i bution . R educ t i o n i n  un i fo rm i t y o f  wate r 
d i s t r i but i on fo r l ong pe r i od s  o f  t i me may dama g e  a c r op 
s e ve re l y  ( Ke l l e r and Karme l i , 1 9 7 5 ) .  
The deve l opment o f  g o od f i l t e r s  and s c r e e n s  s o l ved 
s ome o f  t h e  p r o b l ems enc oun t e r e d  in d r i p  i rr i gat i on 
sy s t ems. F i l t r at i o n of wa t e r  i s  t h e  be s t  s o l u t i on to 
reduc e c l o g g i ng o f  em i t t e r s  ( Padmakuma r i  and S i vanap pan , 
1 9 85 ) . 
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Tube I r r igati o n  
H i gh e n e r g y  co sts. and reduct i on o f  a va i l ab l e  wate r 
r e s o u r c e s  c r e ated new demand f o r  deve l opme nts o f  i nn o vati v e  
i r r i g at i o n  s y stem s . Tra i l tube i r r i g at i o n was dev e l oped 
Chu ( 1 9 8 2 ) to s ave e n e r g y  and wate r . Exte n s i ve r e s earch 
has been c o nducted on th e tr a i l  tube s yste m b y  r e s e a r c h e r s  
ove r  th e past f e w  ye a r s  i n  Cal i f o rn i a , Hawa i i , T e x a s , 
Ar i z ona and oth e r  state s ( Howe l l  et a l . , 1 9 8 0 )  . 
One o f  th e d i s advantag e s  o f  a l i ne a r  travel 
s p r i nk l e r  s ystem , as a c a r r i e r , i s  th at th e d i r e ct i o n  o f  
tra i l  tube h a s  to be reve r s ed at th e end o f  th e f i e l d  
be f o r e  i r r i g ati o n  c an be r e s umed on i ts r etu r n  tr i p . Oth e r  
d i s advantag e s  a r e  p o s s i b l y  a s s o c i ated w i th the tub e , wh i c h 
may tang l e  w i th th e p l ants du r i ng ope rat i on , and wate r , 
wh i c h may d i s tr i b uted non-un i f o rm l y .  A c e nte r p i vot 
i r r i g ati on s ystem c an be u s ed to c a r ry th e tr a i l tube s . 
The trave l i ng path o f  a c ente r p i v ot s ystem i s  i n  
c onc entr i c  c i rc l e s ; th e d i r e cti on o f  trave l u s ua lly w i ll 
not r e ve r s e  du r i n g th e i r r i g ati on ope r at i o n . T h e  ex i sti ng 
d i f f i c u lty o f  a l i n e a r  c ar r i e r  c an be av o i ded by a c e nte r 
p i vot tube c a r r i e r . 
L e ve l tube i r r i gati on i s  a s pe c i a l type o f  
i r r i gati on l ate r a l  wh i ch drags o n  th e g r o und s u r face 
em i tt i ng wate r at s e l e cted po i nts on th e down stream s e cti o n  
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o f  t h e  tub e . I n  1 9 8 1 , four Ag r i cultur a l  E ng i ne e ring 
studen t s  at S outh Dak o ta Sta t e  Un i ve r s i t y ( Farr e l l  et a l . ,  
1 9 8 1 ) s t ud i ed l ev e l -t ra i l tube i r r i ga t i on . T h e y  measured 
the p e r fo rat i on f l ow rate d i str i but i on a l ong the t ube and 
de t e rm i n e d  t h e  c o e f f i c i en t  o f  un i f o r m i t y . An e c onom i c  
ana l ys i s  s h owed t h at a l ow p r e s sure t ra i l tube h a s  the 
p o t en t i a l to r e duc e wa t e r  r e qur emen t s  3 5 % and d e c r e a s e  
e n e r g y  c o n s umpt i on 5 0% , as c ompa r ed w i t h c on v e n t i on a l  h i g h 
pre s s ur e  c e n t e r  p i vo t  i r r i ga t i on . 
E l ev a t i on o f  t h e  down s t r e am s ec t i on o f  t h e  tube i s  
l ev e l b e c aus e t h e  tube l i e s  on sur fac e g r ound . The 
ups t r e am s ec t i o n i s  e l evated f r om t h e  g r ound sur face and 
f o rms a c a t e n a r y . Th i s  i s  t h e  r e a s o n  wh y t h e  ups t r eam 
s e c t i on i s  r e f e r re d  to as the c a t enary s ec t i on . Wh en 
p e r f orat i on s  are e x t e nded t o  t h e  c a t enary s e c t i on , the 
t o t a l  tube l en g th c an be s h o r t e ned and the m a t e r i a l  c o s t  
r e duc ed ( Chu , 1 9 8 5 ) . Th e o r y  on t h e  hyd r aul i c s  o f  c a t enary 
t ra i l tube s �as s tud i ed by Chu ( 1 9 8 5 ) . H e  de rived t h e  
d i s t r i bu t i on o f  tub e  f l ow r a t e , ve l oc i t y h ead , e l e vati on , 
pre s sure and f r i c t i on l o s s  a l ong t ra i l tube s . 
S o i l I nt a k e  Fam i l i e s 
S o i l i n f i l t ra t i on i s  a bas i c  fac t o r  i nc luded i n  
t h e  tube de s i gn p r o c edu r e  . .  The tube l e n g t h  and pe r f o ra t i on 
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s pac i ng a r e  de s i g n ed t o  p r ov i de a wa t e r  appl i c a t i o n r a t e  
tha t  matc h e s t h e  i n f i l t rat i on r a t e  o f  t h e  s o i l  (C hu , 1 9 83 ) . 
So i l  i n f i l t r a t i on can be de fined a s  t h e  move m e n t  of 
i r r i ga t i on · wa t e r  i n t o  a s o i l  t h r ough t h e  s o i l  s u r face 
( So i l  C on s e rva t i on S e rv i c e , 1 9 6 4 ) . S o i l i n f iltratio n 
capac i t y i s  d e f i n ed a s  t h e  max i mum r a t e  a t  wh i c h  s oil can 
take wa t e r  t h r ou g h  i t s s u r fac e und e r  a g i ve n  s o i l  c o nd i t i on . 
( Ho r t on , 1 9 3 9 ) . T h e  c o ncept o f  s o i l i n f i l t r a t i on capac i ty 
wa s i n t rodu c e d  by H o r t o n  ( 1 9 3 9 ) t o  d e s c r i be t h e  s o i l 
charac t e r i s t i c s  i n  an i n f i l t ra t i on proc e s s .  
Th e s o i l  i n f i l t rat i on capac i t y ctirve i s  r e p r e s e n t ed 
by th e s o i l  i n f i l t rat i on rate as a func t i on o f  t i me . A 
typ i ca l  s o i l  i n f i l t rat i o n capacity c u rve s t a r t s  a t  a h i gh 
rate at t h e  i n i t i a l s tag e s  o f  i n f i lt rat i o n and g r adua l l y  
approach e s  a c o n s t a n t  i n  t h e  e x t e nded p e r i od . Thi s 
c o n s tant ra t e  i s  r e f e r r ed t o  as t h e  bas i c  i n t a k e  r a t e  (S o i l  
C o n s e rvat i on S e rv i c e , 1 9 6 4 ) :  
Th e S o i l  C on s e rvat i o n S e rv i c e c l a s s i f i ed all s o i l s  
i n t o  s o i l i n tak e fam i l i e s bas ed upon c yl i nd e r  i n f i l t r ome t e r  
da ta f r om a l ar g e  numbers o f  s i t e s . S o i ls o f  min o r  
d i f f e r e nc e s  we r e  c on s i de r ed t o g e t h e r  as a g r oup . The s e  
g r oups h a v e  b e e n  a s s i g ned numb e r s  s u c h  as 0 .1, 0. 3 , . . . , 
4 . 0  ( S o i l C o n s e rva t i on S e rv i c e , 1 9 7 4 a ) . The s e  n umbe r s  
app r ox i ma t e  t h e  bas i c  i n t ak e rate va l u e s  f o r  s o i l s in t h o s e  
fam i l i e s . 
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Th e s e cur v e s rep r e s e n t  t h e  i n f i l t ra t i on depth -
capac i t y v e r s u s  time f o r  s o i l s  w i th s i m i l a r  i n fil t r ati o n 
c h a r ac t e r i s t i c s  (F i gtir e 3). The int ake fam i l i e s  used by 
the S oil C ons e rva tion S e rv i c e , (Ha r t , 1 9 8 0) w e r e  d e s c r i b ed 
by p ow e r  a l g eb r aic e qua t i ons 
whe r e F = t h e  c umu l a t i ve i nt ake o r  t h e  d e p t h  o f  
i n fil t ra t ed wat e r , mm 
t = t h e  t i me r e qu i r ed t o  i n fi l t r a t e  a c e r t a i n  
d e p th o f  wat e r , min . 
a ,  b and c = emp i r i c a l c o n s tant s 
c ,  mm . 
C o n s tan t s a ,  b and c a r e  lis t ed i n  Tab l e  2 .  
( 8 ) . 
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Tab l e  2 .  C o n s tan t s  f o r  d i f f e rent i n t ak e  f am i l i e s (adapted 




I n tak e fam i l y  
0 . 0 5 
0 .  1 0  
0 .  1 5  
0 . 2 0 
0 . 2 5 
0 . 3 0 
0 . 3 5 
0 . 4 0 
0 . 4 5 
0 . 5 0 
0 . 6 0 
0 . 7 0 
0 . 8 0 
0 . 9 0 
1 . 0 0 
1 . 5 0 
2 . 0 0 
a 
0 . 5 3 3 4 
0 . 6 1 9 8 
0 . 7 1 1 0 
0 . 7 7 7 2  
0 . 8 5 3 4  
0 . 9 2 4 6  
0 . 9 9 5 7  
1 . 0 6 4 0 
1 . 1 3 0 0  
1 . 1 9 6 0  
1 . 3 2 1 0 
1 . 4 4 3 0  
1 . 5 6 0 0  
1 . 6 7 4 0 
1 . 7 8 6 0  
2 . 2 8 4 0  
2 . 7 5 3 0 
b 
0 . 6 1 8  
0 . 6 6 1  
0 . 6 8 3  
0 . 6 9 9  
0 . 7 1 1  
0 . 7 2 0  
0 . 7 2 9  
0 . 7 3 6 
0 . 7 4 2  
0 . 7 4 8  
0 . 7 5 7  
0 . 7 6 6  
0 . 7 7 3  
0 . 7 7 9  
0 . 7 8 5  
0 . 7 9 9  
0 . 8 0 8  
c 
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0  
7 . 0 
7 . 0  
7 . 0 
7 . 0  
7 . 0 
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Figure 3 .  Intake f amilies for border irrigation design 
(Soil Conservation Service, 1974a). 
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TUBE I RR I GAT I ON THEORY 
The t h e o r y  o f  a c a t e na r y  t ra i l tube c on t a i n s  a 
de s c r i pt i on o f  t h e  t ube l eng t h , the tube f l ow r a t e , t h e  
f l ow r a t e  d i s t r i b u t i on and t h e  pre s su r e  d i t r i bu t i on i n  
t e rm s  o f  i nput i n f o rma t i on . The ·i nput i n f o rma t i on can be 
d i v i de d  i nt o  t h r e e  par t s . The f i r s t  part i s  r e l a t ed to th e 
i r r i ga t i on s ys t em and i nc l ude s : the app l i ca t i on depth , 
r ad i a l  d i s t anc e f r om t h e  t ube to the p i v o t , t h e  appl i c a t i o n  
t i me , t i me p e r  r e v o l u t i on , t h e  tube d i ame t e r ,  t h e  ho l e  
d i ame t e r  and t h e  t ub e  s pac i n g . The s e c o n d  par t  i s  r e l a t ed 
to s o i l i n f i l t ra t i on and i nc l ude s : t h e  s o i l  parame t e r s  
c a l c u l a t ed f r o m  t h e  Ph i l i ps two t erm i n f i l t r a t i o n mode l , 
( 1 9 5 7 ) . The l a s t  pa r t  i s  re l ated t o  h yd rau l i c s  and 
i nclude s : t h e  H a z e n-W i l l i ams f r i c t i o n c oe f f i cie n t , 
d i s c h arge c o e f f i c i ent and t h e  fr i c t i o n c oe f f i c i e n t  b e twe e n  
the t ube a n d  t h e  g ro und s u r fac e . 
Th e tube th e o ry i s  d e s c r i bed a s  f o l l ow e s : 
Tube l e ngth 
The d i me n s i on s  of di f f e r e n t  pa r t s  of a c a t e nary 
t ra i l  t ube a r e  s h own i n  F i gu r e  1 .  
l e ng t h  wa s g i v e n  by Chu ( 1 9 8 6 ) as 
M - Z 
L = Z + f * Z *  s i nh(- - - ) 
f * Z  
T o t a l  c a t e n a ry t ube 
( 9 ) 
wh e r e  L = Th e t o t a l  l en g t h  o f  t h e  c a t enary tube , m 
Z = downs tre am s ec t i on l e n g t h , m 
f = Th e fri c t i on 6o e f ficie n t  be twe e n  t h e  tub e  
a n d  t h e  ground sur face , a va l u e  o f  f = 0 . 4  
i s  us e d  i n  th i s  pap e r  wh i c h  i s  e v alua t e d  
f r o m  t h e  f i e l d  data . 
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T h e  hori z o n t a l  pro j e c t i on len g t h , M ,  in Equat i on 
( 9 )  o f  a c a t e nary t ra i l tube i s  g i ven by C hu ( 1 9 8 6 ) as 
where 
M = 2rrr * TA / TR 
M = h or i z o n t a l  p ro j e c t i on leng th , m 
r = r ad i a l d i s tance from the tub e  t o  
t h e  p i vo t , m 
TA = t i me o f  appli cat i on , h r s  
TR = t i m e  re qu i r ed f o r  t h e  c e n t e r  p i vo t  s ys t em 
t o  c o mp l e t e  a ful l c i rcle , hrs . 
( 1 0 ) 
The downs tre am s ec t i on len g t h , Z, i n  E qua t i o n ( 9 ) . 
i s  an unk nown quan t i t y .  Z can be d e t e rm i n e d  wh e n  t h e  
vert i ca l  pro j e c t i o n len g t h  i s  kn own . From t h e  clas s i c al 
c a t enary t h e ory Pug s l e y , ( 1 9 6 8 ) t h e  rela t i o n s h i p  b e tween Z 
and t h e  v ert i c a l  p r o j ec t i on l en g t h  is 
M- Z 
Y = f * Z *  c o s h ( - - - - - ) - f * Z  ( 1 1 )  
f * Z  
A g r aph i c a l  r e pre s en t at i on ( F i g u r e  4 )  o f  Equat i o n 
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Figure 4. Z/M as a func tion o f  Y/M with f as a parameter 
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1. 
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g i ven . Z c an be c a l c u l ated f rom Z /M , wh e � e  M i s  g i ven by 
Equat i on ( 1 0 ) . 
Tube f l ow r a t e  and f l ow rate d i s t r i bu t i on 
T h e  t o t a l  f l ow r a t e  o f  a c a t enary tube was de r i v ed 
by Chu . ( 1 9 8 6 ) a s  
whe r e  Q L = T h e  t o ta l  c a t enary tube f l ow r a t e , m 3 / h r  
A = t ub e  i r r i g ated a r e a , m 2 
D A =  app l i ca t i on depth , m .  
( 1 2 ) 
The i rr i ga t ed a r e a , A i n  E quat i on ( 1 2 ) , c o ve red b y  
one tube , when t h e  c e n t e r  p i v o t  s ys t em c o mp l e t e s  a fu l l  
c i rc l e _ ( F i g ure 5 ) , i s  
A = 2Trrw ( 1 3 ) . 
wh e r e  w = tube s pac i ng , m .  
T h e  tube f l ow rate decreas e s  a l ong t h e  tube , 
becau s e  t h e  i r r i ga t i on wa t e r  i s  d i ve r t ed o u t  o f  t h e  tube 
th rough p e r f o r a t i on s . Chu d e s c r i be d  t h e  t ube f l ow ra t e , 
Qs , at a d i s tanc e , s ,  f r om down s t ream end , as a f r ac t i on o f  
t h e  t o ta l  c a�enary tube f l ow rate , Q L  , wh i c h  i s  c a l l ed t h e  
f l ow r a t e  r a t i o ., QR . The f l ow rate r a t i o  QR i s  � func t i o n 
o f  the ho r i z on t a l  p r o j e c t i on l en g t h  X s . 
2 8 
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Qs / Q t = B - B * ( l -X s / M ) O . s + ( 1 -B ) * X � / M  = QR ( 1 4 ) 
Qs = Th e tube f l ow rate a t  a d i s tance s f r om 
the down s t ream end , m 3 / h r . 
B i s  an i n f i l t ra t i on i ndex c a l c u l a t e d  f rom Ph i l i p ' s  
mode l ( 1 9 5 7 ) 
wh e r e  
whe re 
A o * ( VL ) o . s 
B = - - - - - - - - - - - - - - - - - = a c o n s t an t  
A o * ( VL ) 0 • 5  + A t * L 
A o  and A t a r e  i n f i l t rat i on pa r am e t e r s  i n  t h e  
Ph i l i ps mode l . 
( 1 5 ) 
V = T h e  c o n s t an t  t rave l i ng s p e e d  o f  t h e  t ra i l  t ube , 
m / h r  
QR = Th e f l ow r a t e  ra t i o . 
Th e t r av e l i ng s pe ed o f  t h e  t ra i l  tube i s  
2rrr 
v = ( 16 ) 
TR 
r = rad i a l d i s tanc e f rom t h e  t ube to t h e  p i vo t , m 
TR = t i me r e qu i red f o r  t h e  c en t e r  p i v o t s ys t em t o  
c omp l e t e  a fu l l  c i rc l e , h r . 
X s  = t h e  h o r i z o n t a l  p r o j ec t i on l e ng th a t  t h e  tube 
d i s t anc e , s ,  f rom the down s t r e am end , m .  
s / L  - Z / L  
1 + f * s i nh - 1 ( - - - - - - - - - ) 
X s  f * Z / L  
= - - - - - - - - - - - - - - - - - - - - - - - - - -
M 1 - Z / L  
1 + f * s i nh - 1 ( - - - - - - - ) 
f * Z / L  
( 1 7 ) 
30 
wh e r e  
E qua t i o n ( 1 7 ) s h ows that t h e  quan t i t y  X s /M i s  a 
func t i on o f  s / L  w i t h - f arid Z / L  as parame t e r s . T h e r e f o re , 
i t  i s  mo r e  c onven i e n t  t o  u s e  s / L  f o r  c a l cu l at i o n s . The 
m o s t i mpo r tant quan t i ty needed in t h e  t ub e  de s i gn i s  s / L 
( F i gu r e  6 ) . 
P r e s s u r e  d i s t r i bu t i on 
The p r e s s u r e  a l ong a t r a i l tube C h u , ( 1 9 8 6 ) i s  
de s c r i b ed b y  t h e - e n e r g y  Equat i on , B e rn o u l l i ' s  E quat i o n , 
wh e r e  
Qs 2 
P s / G  - P o /G = -Ys - ( - - - - - - ) + H , 
2 g * AT 2 
s = T h e  d i s tanc e f rom a po i n t  o n  
t o  t h e  down s t r e am end , m 
P s  = t h e  p r e s s u r e a t  t h e  po i n t  s 
down s t r e am end , m 
t h e  tube 
f r om th e 
P o = t h e  p r e s s u re . at t h e  down s t r eam e nd , m 
G = t h e  un i t  we i gh t  o f  wat e r , N /m 3 
Ys = t h e  tube e l evat i o n at s ,  m 
g = t h e  g rav i t a t i ona l c o n s tant = 9 . 8  m / s 2 
AT = t h e  tube c r o s s - s ec t i o n a r e a , m 2  
H ,  = t h e  f r i c t i on l o s s  f r om t h e  p o i n t  s t o  
t h e  down s t ream end , rn .  
( 18 ) 
1 . 
. a  
. 6 
QR 
. 4  
. 2  
0 
0 
f - 0 . 4  B - 0 . 8  
Z/M • o . s 
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0 . 8  
1 . 0  
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Figure 6 .  Flow rate rat io as a funct ion o f  s/L 
with f ,  B and Z/M as paramet ers . 
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1 . 
3 2  
Th e r i g h t  s i de o f  e qu a t i on ( 1 8 )  s h ow s  t h a t  t h e r e 
are t h r e e  p a r t s , wh i c h i nc l ude e l e vat i on , v e l oc i t y h e ad 
and f r i c t i on l o s s . 
E l ev a t i on . The f i r s t  part o f  t h e  r i g h t  s i de o f  
equat i o n ( 1 8 )  i s  t h e  tube e l evat i on . E l evat i o n o f  the 
down s t r eam s e c t i on of the tube i s  l eve l b e c au s e  the tube 
l i e s  o n  the g r o und s u r face . The ups t r e am end o f  t h e  
s e c t i o n i s  e l e va t ed f rom s u r face g round as t h e  tube f o rms a 
c a t enary . Th i s  i s  t h e  r e a s o n  wh y the u p s t r e am s e c t i o n i s  
re f e r r ed t o  a s  t h e  c a t enary s ec t i o n .  The tube e l evat i o n i n  
t h e  c a t en a r y  s ec t i on can be expre s s ed a s  a f r ac t i o n o f  the 
max i mum e l eva t i on a t  t h e  ups t r eam end of t h e  tube , wh i c h i s  
the he i gh t  o f  c e n t e r  p i vo t  ma i n l i ne . That i s  
Ys = YR * Y 
Wh e re YR = tube e l evat i on ra t i o  
( 1 9 ) 
Y = h e i gh t  o f  t h e  c e n t e r  p i v o t  ma i n l i n e , m 
( c o n s i de r ed to be 3 . 0 5 me t e r s ) 
Acc o rd i ng t o  t h e  c a t enary t h e o r y  Pug s l e y , ( 1 9 6 8 ) 
t h e  t ube e l ev a t i on rat i o  i s  a func t i on o f  t h e  l en g t h  r a t i o  
Xs /M w i th Z /M a s  a parame t e r  
X s /M - Z / M  
c o s h  ( - - - - - - - - - - ) - 1 
f * Z / M 
YR = - - - - - - - - - - - - - - - - - - - - -
1 - Z /M 
c o s h  ( - - - - - ) - 1 
f * Z /M 
( 20 ) 
3 3  
G raph i ca l  r e pr e s en t at i o n o f  YR · i s  p r e s en t ed _ i n  
F i g u r e  7 t o  exped i t e t h e  c a l c u l a t i on .  
Ve l oc i ty h e ad . Th e s ec ond part i s  t h e  v e l o c i t y head 
( ve l oc i t y = Q/ A ) . The ve l o c i t y h e ad c an be e x p r e s s ed as a 
f r ac t i o n o f  t h e  ve l oc i t y head at t h e  up s t r e am end o f  
t h e  t r a i l tube ( Q 2 / 2 g * AT Z ) ,  wh e r e  t h e  v e l o c i t y i s  
r e pr e s en t e d  b y  t h e  quan t i ty ( Q t / AT ) f ro m  E qua t i on ( 2 ) . 
Th e ve l oc i t y  h e ad at a d i s tanc e s f r om t h e  down s t r eam end 
o f  the t ube can be de s c r i bed by 
and 
Wh e r e  
Q s 2 
( - - - - - - ) = VHR * 
2 g * AT 2  
Q 2 L ( - - - - - - ) 
- 2 g * AT 2 
VHR = - - - - - - - - - - - -
VHR = v e l oc i t y head rat i o  
( 2 1 ) 
( 2 2 )  
Q s 2 / 2 g * AT 2  = v e l oc i t y head a t  t h e  po i n t  s d i s tan c e  
f rom t h e  down s t ream e nd , m 
Q L 2 / 2 g * AT 2  = ve l oc i t y h e ad a t  t h e  ups t r e am end 
o f  the tube , m .  
G r aphi c a l  r e p r e s entat i on o f  VHR i s  p r e s e n t ed i n  
F i g u r e  8 t o  e xped i t e the c a l cu l a t i on .  
YR 
1 . f - o .  4 
. 8 Z/M = 0 . 5 -----
. 6  
. 4 
. 2  
0 
0 












. 2 . 4  . 6 . a  
s/L 
F igure 7 .  Elevat ion facto r as a funct ion o f  s /L 
with f and Z/M as paramet ers . 
3 4  
1 . 
VH R  
1 . f - 0 . 4 
. 8  
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Figure 8 .  Velocity head ratio as a funct ion o f  s / L  
with f ,  B and Z /M a s  parameters . 
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F r i c t i on l o s s  d i s t r i but i o n . The t h i rd p a r t  o f  t h e  r i g h t  
side o f  E qua t i on ( 1 8 )  i s  f r i c t i on l o s s  d i s t r i bu t i o n i n  a 
c a t enary t ra i l  tube . · T h e · f r i c t i on l o s s  c an b e  e xp r e s s ed as 
a f rac t i on of H t , wh e r e H t i s  t h e  t o t a l  f r i c t i on l o s s  o f  
a c a t e na r y  tube . The f r i c t i o n l o s s  d i $ t r i bu t i on i s  
dec r i bed by 
H f = HR * H L ( 2 3 ) 
and 
H r 
HR - - - ­
H t 
- - [ B - B * ( l -X s /M ) o . s  + ( 1 - B ) * X s / M ] l . s s d ( s / L ) ( 2 4 )  
1 �s 
F s  0 
whe r e  HR = Th e f r i c t i on l o s s  rat i o  ( F i g u r e  9 )  
H ,  = Th e f r i c t i on l o s s  at s d i s tanc e f r om t h e  
down s t r eam end , m 
H t = T h e  t o ta l  f r i c t i on l o s s  o f  a c a t e na r y  tube , 
F s  = Th e F fac t o r  o f  a ca t enary t ra i l  t ub e  wh e r e  
Fs = - - - = [ B - B * ( 1 - X s / M ) O . s  + ( 1 -B ) * X s /M ] l . s s d ( s / L ) 
H t f1 . 
H M L 0 
wh e r e  
G raph i ca l  r e p r e s en t a t i o n o f  F s , F fac t o r  
p r e s en t e d  i n  F i g u r e  1 0  to e a s e  t h e  c a l c u l a t i o n . 
m 
( 2 5 ) 
i s  
HR 
1 . f = 0 . 4  
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F ig u r e  9 .  F r i c t ion lo s s  r a t io as a fun c t ion o f  s/L  
w i t h  f ,  B and Z /M a s  p a r ame t ers . 
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Figure 1 0 .  F5 factor a s  a funct ion o f  Z /M with f 
and B as parameters . 
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T h e  quan t i t y H M L i n  E quat i on ( 2 5 )  i s  t h e  f r i c t i o n 
l o s s  o f  a c a t en a r y  t ra i l t ube w i t h o u t  pe r f o r a t i on s  a nd c an 
be c a l c u l a t ed f r om t h e  Ha z e n - W i l l i ams fo rmu l a  
wh e r e  V t = Q L / A 
c = t h e  
R = D / 4 
D = t h e  
L = t h e  
V t  
H M L = [ - - - - - - - - � - - - - ] 1 . 8 5 * L 
4 . 6 6 7 * C * R 0 . 6 3 
= The tube f l ow ve l oc i ty a t  t h e  
ups t r e am end , cm/ s 
Ha z e n -W i l l i ams roughne s s  c o e f f i c i en t  
= t h e  h ydrau l i c  rad i u s  o f  t h e  t ube , 
i ns i de tube d i ame t e r , e m  
p i pe l e ngth , cm .  
( 2 6 ) 
em 
4 0  
DEF I N I T I ON OF F I ELD S I TUAT I ON 
c e n t e r  
A t r a i l tube l oc at ed at t h e  ou t s i de edg e o f  a 
p i vo t  s ys t em wa s u s ed t o  e v a l u a t e  t h e  t h e o r y . 
The rad i a l  d i s t anc e f rom th i s  tube t o  t h e  p i vo t i s  
3 9 2 . 4  me t e r s  ( F i gu r e  5 )  and t h e  he i g h t  o f  t h e  c e n t e r . p i v o t  
s ys tem i s  3 . 0 5 me t e r s . T h e  Hazan - W i l l i ams ro u g h n e s s 
c o e f f i c i en t  and t h e  d i s c harg e c o e f f i c i e n t  a r e  1 3 3 and 0 . 6 5 , 
S h anna and C h u  ( 1 9 8 2 ) , r e s p ec t i ve l y . T h e  f r i c t i o n 
c o e f f i c i en t  b e tween t h e  tube and the g r o und s u r f a c e  i s  0 � 4 ,  
ba s ed on f i e l d meas ureme n t s . The c e n t e r  p i vo t  s y s t em i s  
de s i gn e d  t o  app l y  one i nc h  o f  wa t e r  ( de p t h  o f  appl i ca t i on ) 
du r i ng a pe r i od o f  3 days ( t i me p e r  r e v o l u t i on ) .  Th e 
t rave l s p e e d  o f  t h e  t ra i l tube at such a rad i a l  d i s t anc e 
c an be c a l cu l a t ed f r om E quat i on ( 1 6 )  
V = 2�r / TR = 3 4 . 3  m / h r  = 0 . 5 7 m / m i n  
T h e  s y s t em i s  as sumed to i r r i ga t e  
fam i l y  s o i l  ( S o i l  C o n s e rvat i on S e rv i c e , 
a 1 . 0 i n take 
1 9 6 4 ) . The 
i n f i l t r a t i on param e t e r s  of a 1 . 0 i n t ak e  fam i l y  s o i l a r e  
Ao = 0 . 0 3 5  m / h r o . s ,  A t  = 0 . 0 1 6  m / h r  S h ann a  and C h u , 
( 1 9 8 2 ) and t h e  t i me r e q u i red t o  i n f i l t ra t e  2 . 5 4 
c e n t i me t e r s  o f  wa t e r  ( depth o f  app l i c at i o n ) 
m i nu t e s  ( S o i l  C o n s e rvat i o n S e rv i c e , 1 9 6 4 ) . 
i s  TA = 2 0 
4 1  
Tube l e ngt h 
The pe r f o ra t i on s i z e on the tube i s  s e l ec t ed t o  be 
0 . 0 0 2  m e t e r  and the tube s pac i ng a l on g  the c e n t e r  p i vo t  
ma i n  l i n e , 1 . 5 2 m e t e r s , wh i ch i s  e qu i va l en t  t o  o n e  t ube f o r  
eve r y  o t h e r  r ow o f  c ro p . The i r r i g a t ed a r e a  c ov e r ed b y  
one tube f r om Equa t i on ( 1 3 )  i s  
A : 2U* 3 9 2 . 4 * 1 . 5 2 = 3 7 4 7 . 6  m 2  
The tube f l ow r a t e  f r om E qua t i on ( 1 2 )  i s  
3 7 4 7 . 6 * 0 . 0 2 5 4  
Q L = ( - - - - - - - - - - - - - ) = 1 . 3 3 m l / h r  
3 * 2 4 
( 2 7 )  
T h e  h o r i z o n t a l  pr o j ec t i on l en g t h  o f  t h e  c a t enary 
tube f r o m  E qua t i on ( 1 0 )  
21f( 3 9 2 . 4 ) * 2 0  
M = - - - - - - - - - - - - = 1 1 . 4  m 
Th e quan t i t y Z can be de t e r m i ned by e n t e r i ng Y / M  = 
3 . 0 5 / 1 1 . 4  = 0 . 2 7 i n t o  F i gu r e  4 t o  obt a i n  
Z / M = 0 . 6 5 
and Z = 0 . 6 5 * 1 1 . 4  = 7 . 4  m 
Th e t o t a l  l en g t h  o f  a c a t e n a r y  tube i s  c a l c u l a t ed 
f r om E qua t i o n ( 9 )  
1 1 . 4 - 7 . 4  
L = 7 . 4  + 0 . 4 * 7 . 4 * s i nh ( - - - - - - - - ) 
0 . 4 * 7 . 4  
= 1 2 . 7  m = 1 2 7 0  em 
Th e B - va l u e  c a l c u l a ted f r om E qua t i o n ( 1 5 )  i s  
0 . 0 3 5 * ( 3 4 . 3 * 1 2 . 7 ) 0 . 5  
B = - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - = 0 . 7 8 
0 . 0 3 5 * ( 3 4 . 3 * 1 2 . 7 ) 0 . 5  + 0 . 0 1 6 * 1 2 . 7  
4 2  
( 2 8 ) 
Ho l e  spac i ng 
Th e t h e o r y  wa s t e s t ed at two l ev e l s  o f  down s t r e am 
end p r e s s u r e s , 2 7 . 6  kPa and 4 1 . 4  k Pa ; and at two tube 
s i z e s , 0 . 0 1 9 -m and 0 . 0 1 3 -m .  Th r e e  c o n d i t i on s  we r e  s e l ec t e d 
f o r  eval uat i on , i nc l ud i ng 0 . 0 1 9 -m tube at 2 7 . 6  kPa Togh i an i  
and Chu , ( 1 9 8 6 ) , 0 . 0 1 9 -m tube and 0 . 0 1 3 -m tube a t  4 1 . 4  kPa . 
The t h e o r e t i ca l  r e s u l t s , r e l at e d  t o  tube l en g t h ) 
tube f l ow r a t e , pe r f o rat i on s i z e , p e r f o ra t i on s pac i ng and 
p r e s s u r e  d i s t r i bu t i o n ,  are t h e  s ame f o r a l l t h r e e  
c o nd i t i on s . T h e  h o l e  s pac i ng s  a l ong t h e  t u b e  a r e  d i f f e r e n t  
fo r each o f  t h e  s e l ec t ed c o nd i t i o ns . An e xamp l e  fo r t h e  
c o nd i t i on o f  a 0 . 0 1 9 -m tube d i ame t e r  a n d  a p r e s s u r e  o f  4 1 . 4  
kPa a t  t h e  down s t r eam end o f  the tube i s  p r e s e n t ed t o  
i l l u s t ra t e  t h e  p r o c edu re f o r  de t e rm i n i ng h o l e  s pac i ng o f  a 
c a t e n a r y  t ra i l tube . 
Tube c r o s s - s ec t i o n a l  area i s  
AT = 1f D 2 / 4  
= � ( 0 . 0 1 9 ) 2 / 4 = 0 . 0 0 0 2 9  m 2  = 2 . 9  c m 2 
H yd r a u l i c  rad i us o f  the t ube i s  
R = D / 4  
= 0 . 0 1 9 / 4  = 0 . 0 0 4 8  m = 0 . 4 8 e m  
F o r  t h e  p e r f o rat i o n d i ame t e r  ( d )  = 0 . 0 0 2  m .  
Pe r f o rat i o n a r e a  i s  
a = 7f d 2 / 4  
= rr ( 0 . 0 0 2 ) 2 / 4 = 0 . 0 0 0 0 0 3 1 m 2  
4 3  
( 2 9 ) 
( 3 0 ) 
P r� s s u r e  a t  t h e  down s t ream end = 4 1 . 4  kpa = 4 . . 2 3  m o f  wa t e r  
Th e o r i f i c e  f l ow r a t e  f r om E qua t i o n ( 1 )  i s  
q = 0 . 6 5 * 0 . 0 0 0 0 0 3 1 * ( 2 * 9 . 8 * 4 . 2 3 ) 0 . 5 
� 0 . 0 0 0 0 1 8  m 3 / s = 0 . 0 6 6  m l / h r  
T h e  tub e  f l ow r a t e  a t  down s t r e am o f  t h e  f i r s t  ho l e  
i s  z e r o  ( Q t  = 0 . 0  m 3 / h r ) . 
The f l ow r a t e  rat i o  i s  
whe r e  
Q L  = 1 . 3 3 m 3 / h r  = 0 . 0 0 0 3 7  m l / s = 3 7 0  cm l / s ( E quat i o n 2 7 ) 
4 4  
Th e r e fo r e , 
QR = 0 . 0 / 1 . 3 � = 0 . 0  
F r o m  F i gu r e  6 i / L  = 0 . 0  f o r  B = 0 . 7 8 , f = 0 . 4  and 
QR = 0 . 0  
s = ( s / L ) * L  
= 0 . 0 * 1 2 . 7  = 0 . 0  m 
wh e r e  s = s pac i ng be twe en h o l e s  
F r om F i gu r e  7 ,  YR = 0 . 0  f o r  B = 0 . 7 8 ,  f = 0 . 4  and 
s / L  = 0 . 0 .  
E l ev a t i on a t  t h e  f i r s t  h o l e  i s  
Y t  = YR * Y  
wh e r e  Y R  = t ub e  e l e v a t i on rat i o  
Y = h e i gh t  o f  c en t e r  p i v o t  s ys t em f r om 
g r ound s u r fac e ( c ons i de r ed t o  be 3 . 0 5 me t e r s ) 
The re f o r e  
Y t  = 0 . 0 * 3 . 0 5 = O . D  m 
From F i gu r e  8 ,  VHR = 0 . 0  f o r  B = 0 . 7 8 ,  f = 0 . 4  and 
s / L  = 0 . 0 .  
Ve l oc i t y h e ad at the f i r s t  h o l e  i s  
VH t = VHR * VH 
wh e r e  VHR = ve l oc i t y h e ad rat i o  
and VH = 
Th e ref o r e , 
2 g  
( 0 . 0 0 0 3 7 / 0 . 0 0 0 2 9 ) 2 
= - - - - - - - - - - - - - - - - - -
VH t = 0 . 0 * 0 . 0 8 4  = 0 . 0  m 
4 5  
= 0 . 0 8 4  m 
F r om F i gu r e  9 ,  HR = 0 . 0  f o r  B = 0 . 7 8 ,  f = 0 . 4  and 
s / L = 0 . 0  
F r i c t i on l o s s  at t h e  f i r s t  h o l e  i s  
wh e r e  
H f t  = HR * F s * H M t  
HR = f r i c t i on l o s s  ra t i o  
F s  = H t / H M t = F fac t o r  o r  t o t a l  f r i c t i o n l o s s  
o f  a cat enary t ra i l tube d i v i ded b y  the 
f r i c t i on l o s s  of a oat ena r y  t r a i l tube 
w i t h o u t  pe r f o rat i on s  ( f r o m  F ig u r e  1 0 ) 
H M t = t h e  f r i c t i on l o s s  o f  a c a t e n a r y  t ra i l 
tube w i thout pe r f o rat i o n s . 
T h e  v a l u e  o f  H M t can be c a l c u l a t ed f r om E quat i o ns 
( 2 6 , 2 7 , 2 8 , · 2 9 and 3 0 )  
3 7 0 / 2 . 9 : 4 . 6 6 7 * 1 3 3 * ( 0 . 4 8 ) 0 . & 3 * ( H M L / 1 2 7 0 ) 0 . 5 4  
and H M t = 1 . 6 1  m 
Th e r e f o r e , 
= 0 . 0  m 
4 6  
The p r e s s u r e  a t  the n e x t  p e r f o ra t i on ups t r eam 
( pe r f o r a t i on # 2 ) can be c a l c u l a ted f r o m  E qua t i on ( 1 8 )  
and 
P o / G = 4 1 . 4  kPa = 4 . 2 2 m o f  wat e r  
P 2 / G- 4 . 2 2 = - 0 . 0  � 0 . 0  + 0 . 0  
F o r  p e r f o rat i o n # 2  ( fr om e quat i on 1 )  
q 2 = 0 . 0 6 6  m 3 / h r  
F o r  tube f l ow r a t e  
Q 2 · = Q t  + q 2 
= 0 . 0  + 0 . 0 6 6  = 0 . 0 6 6  m 3 / h r  
The re f o r e , fo r f l ow r a t e  r a t i o  
QR = Q 2 / Q L 
= 0 . 0 6 6 / 1 . 3 3 = 0 . 0 4 9 7  
From F i g u r e  6 ,  s / L  = 0 ... 0 7  3 f o r  B = 0 . 7 8 ,  f = 0 . 4  and 
QR = 0 . 0 4 9 7 . Th e r e f o r e the s pac i ng be twe e n  the ad j ac e n t  
pe r f o r at i on s  ( 1  a n d  2 )  i s  
S t - 2 = 0 . 0 7 3 * 1 2 . 7  = 0 . 9 2 m 
The p r o c edu r e s  we re c o n t i nued un t i l  t h e  tube f l o w 
rate and tube l e n g t h  we r e  c l o s e  t o  1 . 3 3 m l / h r  _ and 1 2 . 7  m ,  
r e spec t i ve l y .. Th e de ta i l s  o f  the the o re t i c a l  r e su l t s  a r e  
p r e s en ted i n  Tab l e  4 .  
4 7  
T h e  t h e o r y  wa s us ed t o  de t e r m i n e  t h e  h o l e  s pac i ng , 
t h e  f l ow r a t e  and t h e  p r e s sure a l ong t h e  tube s . T h e  d e t a i l 
o f  t h e  c a l c u l a ted r e s u l t s  i s  s h own i n  Tab l e s  3 ,  4 and 5 .  
Th e h o l e  spac i ng i s  de t e rm i ned by s t a r t i n g  f r om the 
down s t r e am end of t h e  tube . The pe r f o ra t i on f l ow r a t e , q ,  
i s  obta i ned f r om Equa t i o n ( 1 ) ba s e d  o n  t h e  s e l ec ted 
p re s s ur e  a t  t h e  d o wn s t ream e nd o f  t h e  tube . Th e t ube f l ow 
rat e , Q ,  i s  o b t a i ned by the s um o f  t h e  f l ow r a t e  o f  a l l the 
down s t r e am p e r f o r a t i on s . I n  th i s  c a s e , t h e  t ube f l ow rate 
i s  t h e  s ame a s  th e p e r f o r a t i on f l ow r a t e , s i nc e  t h e r e  i s  
onl y o ne down s t r e am pe r f o r at i on . 
T h e  t ub e  f l ow rate rat i o , QR , i s  c a l c u l a t ed by tube 
f l o tv r a t e , Q ,  d i v i ded by the t o t a l  t ube f l ow r a t e , 
The tube f l ow r a t e  r a t i o  i s  e n t e r e d  i n t o  E qua t i on ( 1 7 ) . The 
g raph i c a l  r e p r e s e n t a t i on of Equa t i on ( 1 7 )  c an b e  u s ed to 
f i nd the quan t i t y ,  s / L ( F i gu r e  6 ) , and t h e  v a l u e  o f  s / L  i s  
u s ed t o  d e t e rm i ne t h e  l e ngth , s ,  f rom t h e  down s t r e am end t o  
the ad j ac en t  ups t r eam h o l e , w h e n  L i s  de t e rm i n e d  f r om 
Equat i o n 9 .  
Th e va l u e  o f  s / L  i s  e n t e r ed i n t o  t h e  F i gu r e s  7 ,  8 
and 9 t o  o b t a i n  t h e  v a l u e s  o f  t h e  e l e v a t i o n ra t i o , 
Q s 2 / 2 g * AT 2  
YR = Y s / Y , t h e  v e l oc i t y head ra t i o ,  VHR = - - - - - - - - - - , and 
f r i c t i on l o s s  rat i o , HR = H s / H  L ,  
Q L 2 / 2 g * AT 2  
r e s pec t i ve l y . And the 
va l u e s  o f  YR , VHR and HR a r e  u s e d  t o  de t e rm i n e t h e  
e l e vat i on , Y s , t h e  ve l o c i t y h ead , Qs 2 / 2 g * AT 2 , and f r i c t i on 
4 8  
l o s s  f r om t h e  d o wn s t ream end t o  t h e  adj ac e n t  ups tr eam 
h o l e , H t . 
The e n e r g y  e qua t i o n ( 1 8 ) i s  th e n  u s ed t o  c a l c u l a t e  
the pr e s s u r e  o f  t h e  adj acent ups t r e am h o l e . Th e 
c a l cu l a t ed p r e s s u r e  i s  subs t i tuted i n  t h e  o r i f i c e f l ow 
f o rmu la E qua t i o n ( 1 )  to de t e rm i n e  the pe r f o ra t i o n f l ow 
r a t e  o f  t h e  n e x t  ups t r eam h o l e . T h e  c a l c u l at i ng 
p r oc edur e  i s  r e p e a t ed t o  e s tabl i s h t h e  s pac i ng b e tw e en the 
next two u p s t r e am h o l e s . Th e p r o c e du r e s  are c o n t i nued 
un t i l  the c a l c u l a t ed tube f l ow rat e and tube l e n g t h  are 
c l o s e  t o  the de s i g n  parame t e r s , Q and L ,  r e s pe c t i ve l y . 
49  
Tab l e  3 .  H o l e  s pac i n g , ve l oc i ty head , e l e va t i o n and f r i c t i on 
l o s s  a l o n g  the cat enary tra i l  t u be ( Ps = 2 7 . 6  k Pa = 
2 . 8 2 m o f  w a t e r  and 0 . 0 1 9 - m  p i pe ) . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  Ps q Q QR s / L  s VHR VH YR y HR Hf 
No . m m 3 / h  m l / h  m m m m 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 2 . 8 2 . 0 5 2  0 . 0 5 . 0 4 0 . 0 6 0 . 8  0 . 0 0 2  . 0 0 0  0 . 0 0 0 . 0 0 0 . 0 0 0 .. 0 0  
2 · 2 . 8 2 . 0 5 2  0 . 1 1  . 0 8 0 . 1 2 1 . 5  0 . 0 0 5  . 0 0 0  0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
3 2 . 8 2 . 0 5 2  0 .  1 6  . 1 2  0 . 1 7 2 . 2  0 . 0 1 5  . 0 0 1  0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
4 2 . 8 2 . 0 5 2  0 . 2 2 . 1 6 0 . 2 2 2 . 8  0 . 0 2 5  . 0 0 2  0 . 0 0 0 . 0 0 0 . 0 1 0 . 0 0 
5 2 . 8 2 . 0 5 2  0 . 2 7 . 2 0 0 . 2 8 3 . 5  0 . 0 4 0  . 0 0 3  0 . 0 0 0 . 0 0 0 . 0 2 0 . 0 1  
6 2 . 8 2 . 0 5 2  0 . 3 2 . 2 4 0 . 3 3 4 . 2  0 . 0 5 8  . 0 0 5  0 . 0 0 0 . 0 0 0 . 0 3 0 . 0 1  
7 2 . 8 2 . 0 5 2  0 . 3 8 . 2 8 0 . 3 8 4 . 9  0 . 0 8 5  . 0 0 7  0 . 0 0 0 . 0 0 0 . 0 5 0 . 0 2 
8 2 . 8 3 . 0 5 5  0 . 4 3 . 3 2 0 . 4 3 5 . 5  0 . 1 0 6 . 0 0 9  0 . 0 0 0 . 0 0 0 . 0 7 0 . 0 3 
9 2 . 8 4 . 0 5 5  0 . 4 9 . 3 7 0 . 4 8 6 . 1 0 . 1 2 7 . 0 1 0  0 . 0 0 0 . 0 0 0 . 0 9 0 . 0 4 
1 0  2 . 8 4 . 0 5 5  0 . 5 4 . 4 1  0 . 5 2 6 . 6  0 . 1 6 5  . 0 1 4  0 . 0 0 0 . 0 0 0 . 1 3  0 . 0 5 
1 1  2 . 8 5 . 0 5 5  0 . 5 9 . 4 5 0 . 5 6 7 . 1 0 . 2 0 0  . 0 1 7 0 . 0 0 0 . 0 0 0 . 1 6 0 . 0 6 
1 2  2 . 8 7 . 0 5 5  0 . 6 5 . 4 9 0 . 6 1 7 . 7  0 . 2 3 4  . 0 2 0  0 . 0 1 0 . 0 3 0 . 2 0 0 . 0 8 
1 3  2 . 8 5 . 0 5 5  0 . 7 0 . 5 3 0 . 6 5 8 . 2  0 . 2 8 0  . 0 2 3  0 . 0 4 0 .  1 2  0 . 2 4 0 . 1 0 
1 4  2 . 7 7 . 0 5 2  0 . 7 6 . 5 7 0 . 6 9 8 . 7  0 . 3 3 0  . 0 2 7  0 . 0 9 0 . 2 9 0 . 3 0 0 . 1 2  
1 5  2 . 6 2 . 0 5 2  0 . 8 1 . 6 1 0 . 7 2 9 . 2  0 . 3 7 2  . 0 3 1  0 .  1 7  0 . 5 2 0 . 3 5 0 .  1 4  
1 6  2 . 4 1 . 0 5 0  0 . 8 6 . 6 5 0 . 7 6 9 . 6  0 . 4 1 5  . 0 3 5  0 . 2 4 0 . 7 3 0 . 4 0 0 .  1 6  
1 7  2 . 2 2 . 0 4 8  0 . 9 0 . 6 8 0 . 8 0 1 0 . 1 0 . 4 7 5  . 0 4 0  0 . 3 5 1 . 0 7 0 . 4 8 0 . 2 0 
1 8  1 . 9 1  . 0 4 3  0 . 9 5 . 7 1  0 . 8 3 1 0 . 5  0 . 5 2 0  . 0 4 3  0 . 4 3 ( . 3 3  0 . 5 4 0 . 2 2 
1 9  1 . 6 7 . 0 4 1  0 . 9 9 . 7 5 0 . 8 6 1 0 . 9  0 . 5 6 2  . 0 4 7 0 . 5 3 1 . 6 2 0 . 6 0 0 . 2 5 
2 0 1 . 4 0 . 0 3 9  1 . 0 3  . 7 7 0 . 8 8 1 1  . 1 0 . 6 0 0  . 0 5 0  0 . 5 9 1 . 8 0 0 . 6 5 0 . 2 7 
2 1  1 . 2 3 . 0 3 6  1 . 0 6 . 8 0 0 . 9 0 1 1 . 4  0 . 6 4 0  . 0 5 3  0 . 6 8 2 . 0 7 0 . 7 1  0 . 2 9 
2 2  0 . 9 8 . 0 3 2  1 .  1 0  . 8 3 0 . 9 2 1 1 . 6 0 . 6 7 0  . 0 5 6  0 . 7 2 2 . 2 0 0 . 7 5 0 . 3 0 
2 3  0 . 8 7 . 0 3 0  1 .  1 3  . 8 5 0 . 9 4 i 1 . 9  0 . 7 2 0  . 0 6 0  0 . 7 9  2 . 4 1  0 . 8 1 0 . 3 4 
2 4  0 . 6 8 . 0 2 7  1 . 1 5  . 8 7 0 . 9 5 1 2 . 0  0 . 7 5 0  . 0 6 3  0 . 8 3 2 . 5 3 0 . 8 4 0 . 3 4 
2 5  0 . 5 7 . 0 2 5  1 .  1 8  . 8 9 0 . 9 6 1 2 . 2  0 . 7 8 9  . 0 6 6  0 . 8 8 2 . 6 8 0 . 8 8 0 . 3 6 
2 6  0 . 4 3 . 0 2 0  1 . 2 0 . 9 0 0 . 9 7 1 2 . 3  0 . 8 2 0  . 0 6 8  0 . 9 1  2 . 7 7 0 . 9 1  0 . 3 7 
2 7  0 . 3 5 . 0 1 8  1 . 2 2 . 9 2 0 . 9 8 1 2 . 4  0 . 8 4 0  . 0 7 0  0 . 9 3 2 . 8 4 0 . 9 4 0 . 3 8 
2 8  0 . 2 9 . 0 1 6 1 .  2 4  . 9 3  0 . 9 8 1 2 . 5  0 . 8 6 0  . 0 7 2  0 . 9 5 2 . 9 0 0 . 9 5  0 . 3 9 
2 9  0 . 2 4 . 0 1 6  1 .  2 5  . 9 4  0 . 9 9 1 2 . 5  0 . 9 0 0  . 0 7 5  0 . 9 6 2 . 9 3 0 . 9 6 0 . 3 9 
3 0  0 . 2 1 . 0 1 4  1 .  2 7  . 9 5 0 . 9 9 1 2 . 6  0 . 9 2 0  . 0 7 7  0 . 9 7 2 . 9 7 0 . 9 8 0 . 4 0 
3 1  0 .  1 7  . 0 1 4  1 . 2 8 . 9 6 0 . 9 9 1 2 . 6  0 . 9 6 0  . 0 8 0  0 . 9 8 3 . 0 0 0 . 9 9 0 . 4 0 
3 2  0 .  1 4  . 0 1 1  1 . 2 9 . 9 7 0 . 9 9 1 2 . 7  0 . 9 7 5  . 0 8 1  0 . 9 9 3 . 0 3 0 . 9 9 0 . 4 1  
3 3  0 .  1 1  . 0 1 1  1 . 3 0 . 9 8 1 .  0 0  1 2 . 7  1 . 0 0 0  . 0 8 4  1 . 0 0 3 . 0 5 1 . 0 0 0 . 4 1  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Tab l e  4 .  H o l e  s pac i ng , ve l oc i ty head , e l e va t i o n  and fr i c t i on 
l os s  a l ong the c atenary t ra i l  tube ( Ps = 4 1 . 4  k Pa = 
4 . 2 2 m o f  wat e r  and 0 . 0 1 9 ..- m  p i pe ) .  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  Ps q Q . QR s / L  s VHR VH YR y HR H_f 
No . . m m 3 / h  m3 / h  m m m m 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 4 . 2 3 . 0 6 6  0 . 0 0 . 0 0 o . o o 0 . 0  0 . 0 0 0  . 0 0 0  0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
2 4 . 2 3 . 0 6 6  0 . 0 7 . 0 5 0 . 0 7 0 . 9  0 . 0 0 3  . 0 0 0  0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 0 
3 4 . 2 3 . 0 6 6  0 .  1 3  . 1 0 0 . 1 4 1 . 8  0 . 0 1 2  . 0 0 1  0 . 0 0 o . o o 0 . 0 0 0 . 0 0 
4 4 . 2 3 . 0 6 6  0 . 2 0 . 1 5 0 . 2 1 2 . 7  0 . 0 2 2  . 0 0 2  0 . 0 0 0 . 0 0 0 . 0 1 0 . 0 0 
5 4 . 2 3 . 0 6 6  0 . 2 6 . 2 0 0 . 2 7 3 . 5  0 . 0 4 0  . 0 0 3  0 . 0 0 0 . 0 0 0 . 0 2 0 . 0 1 
6 4 . 2 3 . 0 6 6  0 . 3 3 . 2 5 0 . 3 4 4 . 3  0 . 0 6 4  . 0 0 5  0 . 0 0 0 . 0 0 0 . 0 3 0 . 0 1  
7 4 . 2 3 . 0 6 6  0 . 4 0 . 3 0 0 . 4 0 5 .  1 0 . 0 9 0  . 0 0 7  0 . 0 0 o . o o 0 . 0 6 0 . 0 2 
8 4 . 2 4 . 0 6 6  0 . 4 6 . 3 5 0 . 4 6 5 . 8  0 . 1 1 5 . 0 0 9  0 . 0 0 0 . 0 0 0 . 0 8 0 . 0 3 
9 4 . 2 5 . 0 6 6  0 . 5 3 . 4 0 0 . 5 1 6 . 5  0 . 1 5 8 . 0 1 3  o . o o 0 . 0 0 0 .  1 2  0 . 0 5 
1 0  4 . 2 6 . 0 6 6  0 . 6 0 . 4 ·5 0 . 5 7 7 . 2  0 . 2 0 0  . 0 1 7  0 . 0 0 o . o o 0 . 1 6  0 . 0 6 
1 1  4 . 2 7 . 0 6 6  0 . 6 6 . 5 0 0 . 6 2 7 . 8  0 . 2 5 2  . 0 2 0  0 . 0 1 0 . 0 3 0 . 2 1  0 . 0 9 
1 2  4 . 2 6 . 0 6 6  0 . 7 3 . 5 5 0 . 6 7 8 . 5  0 . 3 0 0 . 0 2 5  0 . 0 6 0 .  1 8  0 . 2 6 0 . 1 1  
1 3  4 . 1 3 . 0 6 6  0 . 7 9 . 6 7 0 . 7 2 9 . 1 0 . 3 6 0  . 0 3 0  0 . 1 4 0 . 4 3 0 . 3 4 0 .  1 4  
1 4  3 . 8 9 . 0 6 4  0 . 8 6 . 6 4 0 . 7 6 9 . 6  0 . 4 1 5 . . 0 3 4  0 . 2 4 0 . 7 3 0 . 4 0 0 .  1 6  
1 5  3 . 6 1  . 0 6 1  0 . 9 2 . 6 9 0 . 8 0 1 0 . 2  0 . 4 9 0  . 0 4 1  0 . 3 8 1 .  1 6  0 . 5 0 0 . 2 0 
1 6  3 . 2 4 . 0 5 7  0 . 9 7 . 7 3 0 . 8 4 1 0 . 7  0 . 5 4 0  . 0 4 5  0 . 4 8 1 . 4 6 0 . 5 7 0 . 2 3 
1 7  2 . 9 4 . 0 5 5  1 . 0 3 . 7 8 0 . 8 8 1 1 . 2  0 . 6 0 0  . 0 5 0  0 . 5 9 1 . 8 0 0 . 6 5 0 . 2 7 
1 8  2 . 6 4 . 0 5 2  1 . 0 8  . 8 2 0 . 9 2 1 1 . 6 0 . 6 6 5  . 0 5 5  0 . 7 0 2 . 1 3 0 . 7 3 0 . 3 0 
1 9  2 . 3 2 . 0 5 0  1 .  1 3  . 8 5 0 . 9 4 1 2 . 0  0 . 7 2 0  . 0 6 0  0 . 7 9 2 . 4 1  0 . 8 0 0 . 3 3 
2 0  2 . 0 9 . 0 4 5  1 . 1 8 . 8 9 0 . 9 7 1 2 . 2  0 . 7 6 5  . 0 6 4  0 . 8 6 2 . 6 2 0 . 8 6 0 . 3 5 
2 1  1 . 8 9 . 0 4 3  1 . 2 2 . 9 2 0 . 9 8 1 2 . 5  0 . 8 3 0  . 0 6 9  0 . 9 2 2 . 8 0 0 . 9 2 0 . 3 8 
2 2  1 . 7 3 . 0 4 3  1 . 2 6 . 9 5 0 . 9 9 1 2 . 6  0 . 9 0 0  . 0 7 5  0 . 9 8 2 . 9 9 0 . 9 7 0 . 4 0 
2 3  1 . 5 5 . 0 3 9  1 . 3 0 . 9 8 1 . 0 0 1 2 . 7  1 . 0 0 0  . 0 8 4  1 . 0 0 3 . 0 5 1 . 0 0 0 . 4 1  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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Tab l e  5 .  H o l e  s pac i n g , v e l oc i ty h ead , e·l e va t i o n and f r i c t i on 
l o s s  a l o n g  t h e  catenary t ra i l  tube ( Ps = 4 1 . 4  kPa = 
4 . 2 2 m o f  wa t e r  and 0 • 0 1 3 - m p i pe ) • 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  Ps q Q QR s / L 9 VHR VH YR y HR H f  
No . m m3 / h  m l / h  m m m m 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
1 4 . 2 3 . 0 6 6  0 . 0 0 
2 4 . 2 3 . 0 6 6  0 . 0 7 
3 4 . 2 3 . 0 6 6  0 .  1 3  
4 4 . 2 3 . 0 6 6  0 . 2 0 
5 4 . 2 3 . 0 6 6  0 . 2 6 
6 4 . 2 5 . 0 6 6  0 . 3 3 
7 4 . 2 7 . 0 6 6  0 .  4 0  
8 4 . 3 0 . 0 6 6  0 . 4 6 
9 4 . 3 4 . 0 6 6  0 . 5 3 
1 0  4 . 3 9 . 0 6 8  0 . 6 0 
1 1  4 . 4 6 . 0 6 8 0 . 6 7 
1 2  4 . 5 1 . 0 6 8  0 . 7 3 
1 3  4 o 4 4 . 0 6 8  0 . 8 0 
1 4 4 . 2 9 . 0 6 6  0 . 8 7 
1 5  4 . 1 0 . 0 6 6  0 . 9 3 
1 6  3 . 8 2 . 0 6 4 1 . 0 0 
1 7 3 . 5 7 . 0 6 1  1 . 0 5 
1 8  3 . 3 2 . 0 5 9  1 .  1 1  
1 9  3 . 1 2 . 0 5 7  1 .  1 7  
2 0  2 . 9 8 . 0 5 5  1 . 2 3 
2 1 2 . 8 6 . 0 5 5  1 . 2 8 
2 2  2 . 80 . 0 5 5  1 . 3 3 
. 00 
. 0 5 
. 1 0 
. 1 5  
. 2 0 
. 2 5 
. 3 0 
. 3 5 
. 4 0 
. 4 5 
. 5 0 
. 5 5 
. 6 0 
. 6 5 
. 7 0 
. 7 5 
. 7 9 
. 8 4 
. 8 8 
. 9 2 
. 9 6 
. 9 9 
0 . 0 0 0 . 0  
0 . 0 7 0 . 9  
0 . 1 4 1 . 8 
0 . 2 1  2 . 7  
0 . 2 8 3 . 5  
0 . 3 4 4 . 3  
0 . 4 0 5 . 1 
0 . 4 6 5 . 8 
0 . 5 2  6 . 5  
0 . 5 7 7 . 2  
0 . 6 2 7 . 8  
0 . 6 7 8 . 5  
0 . 7 2 9 .  1 
0 . 7 6 9 . 6  
0 . 8 1 1 0 . 2  
0 . 8 6 1 0 . 9  
0 . 8 9 1 1 . 3  
0 . 9 3 1 1 . 8 
0 . 9 5 1 2 . 1 
0 0 9 8- 1 2 . 4  
0 . 9 9 1 2 . 5  
1 .  0 0  1 2 . 7  
0 . 0 0 0  . 0 0 0  0 . 0 0 0 . 0 0 0 . 00 o . oo 
0 . 0 0 3  . 0 0 1  0 . 0 0 0 . 0 0 0 . 0 0 o . oo 
0 . 0 1 2  . 0 0 3  0 . 0 0 0 . 0 0 0 . 0 0 0 . 0 1 
0 . 0 2 2  . 0 0 6  0 . 0 0 0 . 0 0 0 . 0 1 0 . 0 2 
0 . 0 4 0  . 0 1 1 0 . 0 0 0 . 0 0 0 . 0 2 0 . 0 3 
0 . 0 6 4  . 0 1 7  0 . 0 0 0 . 0 0 0 . 0 3 0 . 0 6 
0 . 0 9 0 . 0 2 4  0 . 0 0 0 . 0 0 0 . 06 0 . 1 0 
0 . 1 1 5 . 0 3 1  0 . 0 0 0 . 00 0 . 0 8  0 . 1 5  
0 . 1 5 8 . 0 4 3  0 . 0 0 0 . 0 0 0 . 1 2  0 . 2 1 
0 . 2 0 0  . 0 5 5  0 . 0 0 0 . 0 0 0 .  1 6  0 . 2 9 
0 . 2 5 2  . 0 6 9  0 . 0 1 0 . 0 3 0 •. 2 1 0 . 3 8  
0 . 3 0 0  . 0 8 2  0 . 0 6 0 .  1 8  0 . 2 6 0 . 4 8 
0 . 3 6 0 . 0 9 8  0 .  1 4  0 . 4 3 0 . 3 3 0 . 5 1  
0 . 4 1 5  . 1 1 3  0 . 2 4 0 . 7 3 0 . 4 0 0 . 7 3 
0 . 5 0 0  . 1 3 7  0 .  3 9 · 1 .  1 9  0 . 5 1  0 . 9 2 
0 . 5 6 5  . 1 5 5  0 . 5 2 1 . 5 9 0 . 6 0 1 . 1 0 
0 . 6 3 0  . 1 7 2  0 . 6 4 1 . 9 5 0 . 6 8 1 .  2 4  
0 . 7 0 0 . 1 9 1  0 . 7 6 2 . 3 2 0 . 7 7 1 . 4 0 
0 . 7 5 5  . 2 0 6  0 . 8 4 2 . 5 6 0 . 8 5 1 . 5 4 
0 . 8 3 0  . 2 2 7  0 . 9 2 2 . 8 0 0 . 9 2 1 . 6 6 
0 . 8 8 0  . 2 4 1  0 . 9 6 2 . 9 3 0 . 9 6  1 . 7 4 
1 . 0 0 0  . 2 7 3  1 . 0 0 3 . 0 5 1 . 0 0 1 . 8 1  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
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LABORATORY PROCEDURES 
B a s e d  o n  t h e  t h e o r e t i c al r e su l t s  p r e s en t ed i n  
. Tab l e s  3 ,  4 and 5 , · tw�n t y- two t o  th i r t y- t h r e e , 0 . 0 0 2 - m  
pe r f o ra t i on s  we r e  d r i l l ed i n  t h r e e  t u b e s  f o r  l ab o r a t o r y  
m e a s u r eme n t s  
was ra i s e d  
( F i gu r e  1 1 ) .  The . up s t r eam e n d  o f  t h e  tube s 
3 . 0 5 me t e r s  ( � )  above the g r o un d  s u r f ac � to 
f o rm a c a t enary s e c t i on ( F i gu r e  1 2 ) . Two p r e s s ur� 
r e g u l a t o r s  i n  s e r i e s l oc a t e d  at t h e  ups t r e am end we r e  used 
f o r  c o n t r o l l i ng p r e s s u r e  at the tube i n l e t . A g a t e  va l ve 
was p l ac e d  at t h e  down s t ream end o f  t h e  t ra i l  t ube t o  
c on t r o l t h e  wa t e r  f l ow .  
S i x p r e s s u r e  g ag i ng s ta t i o n s  we r e  i n s t a l l ed a t  both 
tube ends and a t  p o i nt s  4 ,  7 . 6 ,  9 . 8  and 1 1 . 3  m e t e r s  f r om 
the down s t r e am end of th e tube . Each g ag i n g  s t a t i on wa s 
p r e p� r e d  by d r i l l i ng a 0 . 0 0 6 -m h o l e  i n  t h e  t ube . A 0 . 0 1 9 -
m bras s s add l e  wa s u s ed t o  enc l o s e d  the tube and t h e  ho l e . 
F o r t h e  0 . 0 1 3 -m t ub e , a p i ec e  o f  0 . 0 1 9 - m  t ube w � s  s p l i t  
f i t  open and w rapped a r ound the 0 . 0 1 3 -m 
t h e  s i z e of a 0 . 0 1 9 -m bras s sadd l e .  
tube i n  o rde r t o  
Th e u p p e r  end o f  the 
b ra s s  sadd l e  was m o d i f i ed by s o l de r i ng a c o pp e r tube and a 
bo l t  �• i t h a h o l e  d r i l l ed t h r o ugh i t s c e n t e r  on t h e  s add l e  
t o  f o rm a 0 . 0 0 1 - m n i pp l e  j o i n t . A 0 . 0 0 6 - m f l e x i b l e  tube 
was u s ed to c o nn e c t  the c oppe r tube w i t h the pr e s s ure 
t r an sduc e r s . 
Figure 11 . Tra il tube and perfo rat ion out flow in the labo ratory . VI w 
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E qu i pm e n t  f o r  p r e s s u r e  me a s u r em e n t  c on s i s t ed o f  
·p r � s s u r e  t ran s duc e r s , a d i r ec t  c u r r e n t  powe r s u pp l y  and 
a - v o l t  m e t e r  ( F i gu r e  1 3 ) . A s t ra i n  g a g e  l oc a t e d  i n  t h e  
p r e s s u r e  t ran s duc e r  s e n s ed t h e  pre s su r e  a n d  t ran s f o rmed i t  
i n t o  an e l ec t r i c  s i gn a l . The d i r e c t c u r r e n t  powe r supp l y  
p r o v i ded t h e  powe r t o  t h e  s t ra i n  g a g e . T h e  v o l t  m e t e r  
r e c o rded t h e  s i gna l a s  a vo l tage ra t i o . · T h e  p r e s s u r e  
t ransduc e r  was c a l i br a t ed by a wat e r  c o l umn t o  o b t a i n  a 
c a l i br a t i on c u r v e  b e tween vo l tage r a t i o  and t h e  p r e s sure 
s e n s ed b y  the s t ra i n  gage of t h e  p r e s s u r e  t ransduc e r  
( F i gu r e  1 4 ) . Th i s · r e l a t i o n sh i p  was u s ed t o  de t e rm i ne 
pre s s u r e  a t  each g ag i ng s t at i on on t h e  t ra i l t ube . 
F l ow ra t e  f r om each pe r f o ra t i o n w a s  m e a s u red by a 
g raduated c y l i nd e r  and a s t o p  wa t c h . D u r i ng t h e  
m e a s u remen t , t h e  wa t e r  f l ow f r om t h e  p e r f o r a t i on wa s 
a l l owed t o  f i l l  t h e  g radu a t e  c y l i nd e r  f o r  2 t o  3 m i nu t e s . 
Th e f l ow r a t e  wa s d e t e rm i ned by the cumu l at i ve wa t e r  vo l ume 
c o l l ec t ed in t h e  c y l i nde r du r i ng the t e s t i ng t i me . The 
tub e  f l ow rate was c a l cu l a t ed by t h e  s um of the f l ow r a t e  
o f  a l l t h e  down s t ream pe r fo ra t i o n s . Th e ve l o c i t y wa s 
c a l cu l a t e d  by t h e  tube f l ow r a t e  d i v i ded by t h e  t ube a r e a . 
T h e  v e l o c i t y h e ad i s  t h e  s quare o f  ve l o c i t y d i v i de d  b y  t wo 
t i me s t h e  g r av i t at i onal acc e l e r a t i on c o n s t a n t . 
The . pr e s s u re he ad was m e a s u r e d  b y  p r e s s u r e  
t r an sduc e r s  a t  s i x gag i ng s t a t i o n s  a l o n g  t h e  t u b e . Th e 
Figure 12 . Laboratory arrangement of t he catenary 
section of a t rail tube . 
Figure 13 . Vol tmeter , power supply , p res sure 
transducer
. 
and gag ing stat ion (top to 
bottom) for pressure measurement . 
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e l e va t i o n wa s s ur v e yed du r i n g a t e s t  b y  an e n g i n ee r i ng 
- l eve l . M e a s u r e d  p r e s s u r e , e l evat i on and t h e  c a l c u l a ted 
ve l oc i t y h e ad we r e  � n t e �e d  i n to E qua t i on ( 1 8 )  t o  c a l cu l a t e  
t h e  e n e rg y  l o s s . 
T h e  t h eo r y  was eval uated by t h e  c ompar i s o n  o f  the 
m e a s u r ed o r  c a l cu l a t ed l abo rat o r y  da t a , wh i ch i nc l ud� t h e  
t ub e  f l ow r a t e , t h e  e l eva t i on , t h e  v e l o c i t y h e ad , t he 
p r e s s u r e  
r e s u l t s . 
and t h e  f r i c t i o n l o s s , w i t h  t h e  th e o r e t i c a l  
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LABORATORY RES ULTS 
The l ab o r a t o r y  r e s u l t s  are d i v i ded i n t o  two pa r t s . 
The f i r s t  pa r t  i s  t h e · measured dat a , wh i ch i nc l ude the 
pe r f o r at i o n f l ow r a t e , tube e l evat i on and tube pr e s s u r e . 
T h e  me a s u r e d  da ta w e r e  u s ed t o  de t e rm i ne t h e  tube f l ow 
r a t e , · ve l oc i t y h e ad and f r i c t i o n l o s s  wh i ch a r e  t h e  
c a l c u l a t e d  l abo r a t o r y  d a t a  o r  t h e  s e c o nd par t  o f  t h e  
r e su l t s . Th e c a l c u l at ed l abo ra t o r y  dat a  and t h e  m e a s u r e d  
e l evat i on and p r e s s ur e  prov i de a dat a  b a s e f o r  t h e  
e v a l u a t i on o f  t h e  t h e o ry . 
Me a s u r ed l ab o r a t o ry da ta 
The m e a s u r e d  dat a , i n c l ud i ng d i s tance , e l eva t i on , 
p e r f o ra t i on f l ow r a t e  and p r e s s u r e  f o r  a 0 . 0 1 9 -m t ube 
d i ame t e r  a t  2 7 . 6  kPa down s t r e am end p r e s s u r e , 0 . 0 1 9 - m tube 
d i ame t e r  a t  4 1 . 4  kPa down s t r e am end p r e s s u re and 0 . 0 1 3 - m 
t ube d i ame t e r  a t  4 1 . 4  kPa down s t r eam end p r e s s u r e  are 
l i s t e d  i n  Tab l e s  6 ,  7 and 8 ,  r e s pe c t i v e l y . 
I n  Tab l e  6 ,  7 and 8 the f i r s t  two c o l umn s c o n t a i n  
t h e  numbe r u s ed t o  i de n t i fy t h e  p e r f o r a t i o n s  and t h e  
p r e s s u r e  g a g i ng s ta t i o n s  on t h e  tube . Th e numb e r s  a r e  
a s s i g n e d  acc o rd i ng t o  t h e  d i s t anc e s  f r om t h e  down s t r e am 
e nd , wh i c h a r e  l i s t ed i n  t h e  th i rd c o l umn . A l ow numb e r  
r e p r e s en t s  � s h o r t  d i s t anc e to t h e  down s t r e am end . T h e  
f o u r t h  and s i x t h  c o l umns a r e  t h e  me a s u r e d  e l ev a t i o n and 
5 9  
Tab l �  6 .  Me a su r e d  data of d i s t ance , pe r f o ra t i on f l ow rate , 
e l e va t i on and p r e s s u r e  ( P s = 2 7 . 6 kPa = 2 . 8 2 m 
o f  wa t e r and 0 . 0 1 9 - m  p i pe ) . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -7 - - - - - - - - - - - - - - - - - - � - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  S t at i on Measured Mea s ur ed P e r fo ra t i on Meas u r ed 










1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
3 0  
3 1  
3 2  







m m m3 / h  m 
0 . 0 0 0 . 0 0 
3 . 9 6 o . o o 
7 . 6 7  0 . 0 8 
9 . 7 0 1 . 1 4 
1 1 . 2 8 2 . 1 1 
1 2 . 6 5 3 . 0 5 
0 . 0 5 0 4  
0 . 0 6 4 8  
0 . 0 5 76 
0 . 0 5 4 0  
0 . 0 5 4 0  
0 . 0 5 0 4  
0 . 0 5 76 
0 . 0 5 4 0 
0 . 0 6 1 2  
0 . 0 6 1 2 
0 . 0 5 0 4  
0 . 0 5 0 4  
0 . 0 5 0 4  
0 . 0 5 0 4  
0 . 0 5 4 0  
0 .  0 5 76· 
0 . 0 5 4 0  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 . 0 3 6 0  
0 . 0 3 2 4  
0 . 0 3 2 4  
0 . 0 2 5 2  
0 . 0 2 5 2  
0 . 0 1 8 0 
0 . 0 1 0 8 
0 . 0 0 72 
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
2 . 8 2 
2 . 8 1  
2 . 7 7 
1 . 7 8 
0 . 8 8 
0 . 0 0 
60 
Tab l e  7 .  Mea s u r e d  data o f  d i s tance , pe r f o r a t i on f l ow r a t e , 
e l ev a t i on and p r e s sure ( Ps = 4 1 . 4  kPa = 4 . 2 2 m o f  
wat e r  and 0 . 0 1 9 -m p i pe ) . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  










1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
S t a t i on Meas ured Meas ured P � r f o r a t i on Me a s ured 







m m m 3 / h  m 
o . o o o . o o 
3 . 9 6 0 . 0 0 
7 . 3 2 0 . 0 9 
9 . 4 5 0 . 8 2 
1 1 . 2 8 2 . 0 9 
1 2 . 6 5 3 . 0 5 
0 . 0 6 4 8  
0 . 0 6 6 6  
0 . 0 6 3 0  
0 . 0 6 3 0  
0 . 0 7 5 6  
0 . 0 6 3 0 
0 . 0 6 1 2  
0 . 0 6 3 0  
0 . 0 7 2 0  
0 . 0 6 1 2  
0 . 0 6 3 0 
0 . 0 5 9 4  
0 . 0 5 7 6  
0 . 0 5 4 0 . 
0 . 0 5 4 0  
0 . 0 5 0 4  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 . 0 4 1 4  
0 . 0 4 1 4  
0 . 0 3 6 0  
0 . 0 3 6 0  
4 . 2 3 
4 . 2 3 
4 . 1 9 
3 . 5 2 
2 . 3 4 
1 . 4 2 
61 
Tab l e  8 .  Me a s u r e d  da t a  o f  d i s t anc e , pe r f o ra t i on f l ow rate , 
e l evat i on and p r e s s u r e  ( Ps = 4 1 . 4  kPa = 4 . 2 2 m o f  
wa t e r  and 0 . 0 1 3-m p i pe ) . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  










1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
S tat i on Meas u r ed Mea s u r ed Pe r f o ra t i on Mea s u r ed 







m m m 3 / h  m 
o . o o 0 . 0 0 
3 . 9 6 o . o o 
7 . 3 2 0 . 0 2 
9 . 4 5 0 . 8 1 
1 1 . 1 3 1 . 8 9 
1 2 . 6 5 3 . 0 5 
0 . 0 6 4 8  
0 . 0 6 8 4  
0 . 0 6 4 8  
0 . 0 6 4 8  
0 . 0 6 8 0  
0 . 0 6 1 2  
0 . 0 6 1 2  
0 . 0 7 2 0  
0 . 0 6 1 2  
0 . 0 6 1 2  
0 . 0 6 8 4  
0 . 0 5 7 6  
0 . 0 6 1 2  
0 . 0 5 7 6  
0 . 0 5 7 6  
0 . 0 5 4 0 
0 . 0 5 4 0  
0 . 0 5 0 4  
0 . 0 5 0 4  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 . 0 3 9 6  
4 . 2 3 
4 . 2 7 
4 . 5 2 
4 . 1 6 
3 . 2 7 
2 . 4 5 
6 2  
p r e s s u r e  a t  each gag i ng s t a t i o n . Th e · pe r f o ra t i o n f l ow 
· r a t e s  a r e  l i s t ed i n  t h e  f i f t h  c o l umn . 
C a l c u l a t ed l ab o r a t o ry dat a  
T h e  tube f l ow r a t e  and t h e  ve l oc i t y h e ad at a po i n t  
on t h e  t u b e  a n d  t h e  f r i c t i on l o s s  f r om t h e  p o i nt t o  · t h e  
down s t r e am e n d  a r e  i mpo r t an t  i t ems f o r  t h e o r y  e va l uat i o n , 
bu t a r e  n o t  d i r e c t  l abo r a t o r y  mea s u r e men t s . Th e s e  two 
quan t i t i e s  w e r e  c a l c u l at e d  f rom mea s u r ed l ab o r a t o ry data . 
Tab l e s  9 ,  1 0  and 1 1  p r e s e n t  a dat a  s umma r y , wh i c h  c onta i n s  
c a l c u l a t ed tube f l ow ra t e s  and ve l o c i t y h eads . T h e  tube 
f l ow r a t e  i s  c a l cu l a t ed by the sum o f  t h e  f l ow r a t e s  o f  a l l  
t h e  down s t r e am pe r fo rat i on s . Tube f l ow r a t e s  a r e  l i s t ed i n  
t h e  f i f t h  c o l umn . Th e tube f l ow v e l oc i t y _ a t  a g ag i ng 
s ta t i on wa s c a l c u l at e d  by d i v i d i ng t h e  tube f l ow r a t e  by 
t h e  tube a r e a , wh i ch i s  l i s t ed on t h e  s i x t h  c o l umn . 
Ve l o � i t y 
d i v i ded 
c o n s tant . 
h e ad i s  t h e n  ob t a i ned by t h e  s qua r e  o f  ve l o c i t y 
by . two t i m e s  the g r av i t at i on a l  ac c e l e r a t i on 
Ve l oc i ty h eads are l i s t ed i n  t h e  s ev e n t h  c o l umn 
in Tab l e s  9 ,  1 0  and 1 1 . 
Ac c o rd i n g t o  the energy equat i o n , E qua t i on ( 1 8 ) , 
t h e  f r i c t i on l o s s  i s  t h e  d i f f e rence b e twe en t h e  t o t al 
e n e r g y  of a p o i n t  in t h e  tube and t h a t  o f  
end . The t o t a l  en e r g y  i nc l ud e s  t h r e e  
t h e  down s t r eam 
quan t i t i e s : the 
e l e vat i o n , t h e  p re s s ur e  and the ve l oc i t y h e ad . C a l c u l a t ed 
63 
Tab l e  9 .  Labo r a t o r y  t ube f l ow r a t e  and v e l oc i t y h ead from 
the measured pe r fo ra t i on f l ow rate ( Ps = 2 7 . 6  kPa 
= 2 . 8 2 m of wat e r  and 0 . 0 1 9-m p i pe ) . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  S ta t i on M e a s u r e d  Pe r fo r a t i on 










1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  
2 3  
2 4  
2 5  
2 6  
2 7  
2 8  
2 9  
3 0  
3 1  
3 2  







m m3 / h  
0 . 0 0 
3 . 9 6 
7 . 6 7  
9 . 7 0 
1 1 . 2 8 
1 2 . 6 5 
0 . 0 5 0 4  
0 . 0 6 4 8  
0 . 0 5 7 6  
0 . 0 5 4 0  
0 . 0 5 4 0  
0 . 0 5 0 4  
0 . 0 5 7 6  
0 . 0 5 4 0 
0 . 0 6 1 2  
0 . 0 6 1 2  
0 . 0 5 0 4  
0 . 0 5 0 4 
0 . 0 5 0 4 
O Q 0 5 0 4  
0 . 0 5 4 0  
0 . 0 5 7 6  
0 . 0 5 4 0  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 •.. 0 3 6 0  
0 . 0 3 2 4  
0 . 0 3 2 4  
0 . 0 2 5 2  
0 . 0 2 5 2  
0 . 0 1 8 0  
0 � 0 1 0 8  
0 . 0 0 7 2  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
0 . 0 0 0 0  
Lab . Ve l oc i t y 
t ube f l ow v 
r a t e , m3 / h  m / s  
0 . 0 0 0  0 . 0 0 0  
0 . 3 3 1  0 . 3 5 7  
0 . 6 6 6  0 . 6 7 6  
0 . 9 3 3  0 . 9 1 5  
1 . 0 8 8  1 . 0 6 6  




0 . 0 0 0  
0 . 0 0 6  
0 . 0 2 3  
0 . 0 4 3  
0 . 0 5 8  
0 . 0 6 9  
6 4  
Tab l e  1 0 . Labo r a t o ry tube f l ow r a t e  and v e l oc i t y h ead f r om 
t h e  measured pe r fo r a t i on f l ow r a t e  ( Ps = 4 1 . 4  
kPa = 4 . 2 2 m o f  wat e r  and 0 . 0 1 9 -m p i pe ) . 
. 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - � - ­
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  S ta t i on Mea s ur e d  Pe r f o rat i on 










1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  
2 2  







m m3 / h  
o . o o 
3 . 9 6 
7 . 3 2 
9 . 4 5 
1 1 . 2 8 
1 2 . 6 5 
0 . 0 6 4 8  
0 . 0 6 6 6  
0 . 0 6 3 0 
0 . 0 6 3 0 
0 . 0 7 5 6 
0 . 0 6 3 0  
0 . 0 6 1 2 
0 . 0 6 3 0 
0 . 0 7 2 0  
0 . 0 6 1 2  
0 . 0 6 3 0 
0 . 0 5 9 4  
0 . 0 5 7 6  
0 . 0 5 4 0  
0 . 0 5 4 0 
0 . 0 5 0 4  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 . 0 4 1 4  
0 . 0 4 1 4 
0 . 0 3 6 0  
0 . 0 3 6 0  
Lab • Ve l oc i t y 
tube f l ow v 
r a t e , ml / h  m / s  
o . o o o  0 . 0 0 0  
0 . 3 3 3  0 . 3 4 6  
0 . 6 5 4  0 . 6 6 5  
0 . 8 3 4  0 . 8 3 1  
1 . 0 3 5  1 . 0 2 1  




0 . 0 0 0  
0 . 0 0 6  
0 . 0 2 3  
0 . 0 3 5  
0 . 0 5 3  
0 . 0 7 7  
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Tab l e  1 1 . Labo ra t o r y  tube f l ow rate and ve l oc i t y h e ad f r om 
t h e  m e a s u r ed pe r f o ra t i on f l ow r a t e ( Ps = 4 1 . 4  
kPa = 4 . 2 2 m o f  wa t e r  and 0 . 0 1 3 - m p i pe ) . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ho l e  S ta t i on Mea s u r e d  Pe r fo r a t i on 










1 0  
1 1  
1 2  
1 3  
1 4  
1 5  
1 6  
1 7  
1 8  
1 9  
2 0  
2 1  







m m3 / h  
0 . 0 0 
3 . 9 6 
7 . 3 2 
9 . 4 5 
1 1 . 1 3 
1 2 . 6 5 
0 . 0 6 4 8  
0 . 0 6 8 4  
0 . 0 6 4 8 
0 . 0 6 4 8  
0 . 0 6 8 0  
0 . 0 6 1 2 
0 . 0 6 1 2 
0 . 0 7 2 0  
0 . 0 6 1 2  
0 . 0 6 1 2  
0 . 0 6 8 4  
0 . 0 5 7 6  
0 . 0 6 1 2  
0 . 0 5 7 6  
0 . 0 5 7 6 
0 . 0 5 4 0  
0 . 0 5 4 0  
0 . 0 5 0 4  
0 . 0 4 6 8  
0 . 0 4 3 2  
0 . 0 4 3 2  
0 . 0 3 9 6  
Lab . Ve l oc i t y 
tube f l ow v 




0 . 0 0 0  0 . 0 0 0 . o . o o o  
0 . 3 2 4  0 . 6 4 0  0 . 0 2 1  
0 . 6 4 1  1 . 1 6 2  0 . 0 6 9  
0 . 8 2 8  1 . 5 1 6 0 . 1 1 7 
1 . 0 5 2  1 . 8 9 8  0 . 1 8 4  
1 . 2 7 5  2 . 2 2 9 0 . 2 5 3  
6 6  
f r i c t i o n l o s s  r e s u l t s and a s s o c i a t ed l ab o r a t o r y  data f o r  
t h e  t h r e e  t e s t i ng c ondi t i on s  are pr e s en t ed i n  Tab l e  1 2 . 
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Tab l e  1 2 .  Labora tory f ri c t i on l o s s  from me a s u r ed e l e va t i on , 
p r e s s u re and ve loc i ty h ead us i ng energy Bq . ( 1 8 ) . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Tes t ing S ta t i on Measured Measured Mea s u r ed Labora . Labora . 
cond i t i on numb e r  d i s tance e l ev . pre s s u r e  ve l . head f r i c t i on 
m Y ,  m P ,  m VH , • · Hf , m 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
( 0 . 0 1 9 -m 1 0 . 0 0 o . oo 2 . 8 2 0 . 00 o . oo 
and 2 3 . 9 6 0 . 0 0 2 . 8 1 0 . 0 1 o . o o 
2 7 . 6 kPa ) 3 7 . 6 7 0 . 0 8 2 . 7 7 0 . 02 0 . 0 6 
4 9 . 7 0 1 . 1 4 1 . 7 8 0 . 04 0 . 1 5 
5 1 1 . 2 8 2 . 1 1  0 . 8 8 0 . 06 0 . 2 3 
6 1 2 . 6 5 3 . 0 5 0 . 0 0 0 . 0 7 0 . 3 0 
- - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
( 0 . 0 1 9 -m 1 o . oo o . oo 4 . 2 3 0 . 0 0 o . oo 
and 2 3 . 9 6 0 . 0 0 4 . 2 3 0 . 0 1  0 . 0 2 
4 1 . 4  kPa ) 3 7 . 3 2  0 . 0 9 4 . 1 9 0 . 0 2 0 . 0 7 
4 9 . 4 5 0 . 8 2 3 . 5 2 0 . 0 4 0 . 1 5  
5 1 1 . 2 8 2 . 0 9 2 . 3 4 0 . 05 0 . 2 6 
6 1 2 . 6 5 3 . 0 5 1 . 4 2  0 . 08 0 . 3 2 
- - - - - - - - - - - - - - - - - - - - - - - -- - - - - - --- - - - -- - - - - - - - - - - - - - - - - - - - - - - - - -
( 0 . 0 1 3 - m  1 0 . 0 0 0 . 00 4 . 2 3 0 . 0 0 o . oo 
and 2 3 . 9 6 o . oo 4 . 2 7 0 . 0 2 0 . 06 
4 1 . 4  kPa ) 3 7 . 3 2 0 . 0 2 4 . 5 2 0 . 0 7 0 . 3 9 
4 9 . 4 5 0 . 8 1  4 . 1 6 0 . 1 2 0 . 8 7 
5 1 1 . 1 3 1 . 8 9 3 . 2 7 0 . 1 8 1 . 1 2 
6 1 2 . 6 5 3 . 0 5 2 . 4 5 0 . 2 5 1 . 5 3 
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EVALUAT I ON OF THE THEORY 
E v a l ua t i on 6f th� t h e o r y  i s  d i v i de d  i n t o  two par t s . 
The f i r s t  par t  
data and t h e  
i s  a c ompar i s on o f  the m ea s u r ed l ab o r a t o r y  
t h e o r e t i c a l  re s u l t s . T h e  meas u red data 
i n c l ude the e l e vat i on and the pr e s s u r e  a t  the s i � g�g ing 
s t a t i ons . T h e  s ec ond par t  is  a c ompa r i s o n  of t h e  
c a l c u l a t e d  l abo r a t o r y  data and c o r r e sp ond i n g  th e o r e t i ca l  
c o un t e rpa r t s . T h e  c a l c u l at ed l abo ra t o r y  data i nc l ude the 
tube f l ow rat e , ve l oc i ty h ead and f r i c t i o n l o s s . 
A s t at i s t i c a l  ana l ys i s  wa s u s ed t o  de s c r i be the 
eva l ua t i on o f  th e o ry on a quan t i tat i ve ba s i s . A re g re s s i o n 
l i ne was c a l cu l a t ed b e tween the t h e o r e t i ca l  r e s u l t s  and 
l abo ra t o ry dat a . Th e r e g r e s s i on l i ne w a s  f o rc e d  t o  pas s 
th r ou g h  t h e  o r i g i n  wh e r e  the i n t e rc ept i s  s e t  t o  be z e r o � 
The c o e f f i c i ent o f  de t e r m i na t i on wa s c a l c u l a t ed t o  exam i n e 
t h e  p e r c e n t a g e  o f  var i at i on i n  me a s u r ed da t a  wh i c h  can be 
expl a i ned by. the r e g r e s s i on . 
The t h e o r e t i ca l  va l ue s  o f  e l evat i on , p r e s s u r e , tube 
f l ow r a t e , v e l oc i ty h e ad and f r i c t i on l o s s  we re e s t i mated 
f rom T ab l e s  3 ,  4 and 5 .  F o r  examp l e , g a g i n g  s tat i o n No . 5 
i s  l o c a ted be twe en pe r f o rat i ons No . 2 1  and N o . 2 2  ( T ab l e  
9 ) . The th e o re t i c a l  e l evat i o n s  at th e s e  two pe r f o r a t i o n s  
are 2 . 0 7 a p d  2 . 2 0 m e t e r s  ( Tab l e  3 ) . S o  t h e  e l e vat i on at 
gag i ng s t a t i o n numbe r f i ve is e s t i ma t e d  to be 2 . 1 3 me t e r s  
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b y  i n t e rpo l a t i o n . 
- T�b l e  1 3 . 
I t  i s  l i s t ed i n  th e - f o u r t h  c o l umn o f  
The c ompar·i s on· o f  t h e o r e t i c a l  and m e a s u red 
e l e va t i o n s  i s  l i s t ed i n  the t h i rd and f o u r t h  c o l umns o f  
Tab l e  1 3 . A g r aph i c a l  c ompa r i s on o f  t h e  me a s u r ed 
e l eva t i on s  and t h e  t h e o r e t i ca l  e l ev a t i on s  i s  p r e s eri ted i n  
F i gu r e  1 5 . Th e g raph i c a l  repre s en t a t i on i nd i c a t e s  t h a t  t h e  
mea s u red e l e v a t i on s  a r e  s l i gh t l y  h i gh e r  t h an t h e  
t h e o re t i c a l  e l ev a t i on s . 
The t h e o r e t i ca l  and measured p re s su r e s  a r e  l i s t ed 
in t h e  l a s t  two c o l umns o f  Tab l e  1 3 . A g raph i c a l  c ompar i s o n 
o f  t h e  t h e o re t i c a l  and t h e  meas ured p r e s su r e s  i s  p r e s en t ed 
i n  F i gu r e  1 6 . Th e g raph i c a l  c ompa r i s o n  i l l u s t r a t e s  t h a t  
t h e  m e a s u r e d  p r e s s u r e  i s  l ow e r  t h an t h e  t h e o re t i c a l  va l ue s  
on t h e  c a t enar y s ec t i o n o f  t h e  tube . 
T h e  c ompa r i s on o f  t h e o r e t i c a l  and l abo r a t o r y va l u e s  
o f  t ube f l ow r a t e  and v e l o c i t y head i s  p r e s e n ted i n  
c o l umns t h r e e  t o  s i x , Tab l e  1 4 . Graph i c a l  c ompar i s o n s  
a r e  s h o wn i n  F i g ur e s  1 7  and 1 8 . The r e  a r e  g o o d  ag r e emen t s  
be tween t h e  t h e o ry and meaB u r ed v a l u e s . 
Th e t h eo r e t i c a l  and l abo r a t o r y  f r i c t i o n l o s s e s  a r e  
l i s t ed i n  t h e  l a s t  t w o  c o l umn s o f  Tabl e 1 4 . A g r aph i c al 
compa r i s o n  of the c a l c u l a t ed and the t h e o r e t i c a l  ene r g y  
l o s s  d i s t r i b� t i on s  i s  sh own i n  F i g u r e  1 9 .  I n  g e n e r a l  t h e  
l abo rat o r y  me a s u red va l u e s  o f  pre s s u r e  a n d  f r i c t i o n l o s s  
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Tab l e 1 3 . Compa r i s on of the mea s u r e d  and t h e o re t i ca l  
val ue s  o f  e l evat i on and p r e s s u r e . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - � - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - � - - - - - - -
Te s t i ng S t a t i on Meas u r ed The o r e . 
c ond i t i on numbe r e l evat i on e l evat i on 
( 0 . 0 1 9 -m 
and 
2 7 . 6  kPa ) 
( 0 . 0 1 9 - m 
and 
4 1 . 4  kPa ) 
( 0 . 0 1 3 -m 
and 




















o . o o 
0 . 0 0 
0 . 0 8 
1 . 1 4 
2 . 1 1 
3 . 0 5 
0 . 0 0 
0 . 0 0 
0 . 0 9 
0 . 8 2 
2 . 0 9 
3 . 0 5 
0 . 0 0 
0 . 0 0 
0 . 0 2 
0 . 8 1 
1 . 8 9 
3 . 0 5 
m 
0 . 0 0 
0 . 0 0 
0 . 0 9 
1 . 1 5 
2 . 1 3 
3 . 0 5 
0 . 0 0 
0 . 0 0 
0 . 0 1 
0 . 5 9 
2 . 0 3 
3 . 0 5 
0 . 0 0 
0 . 0 0 
0 . 0 1 
0 . 6 4 
2 . 2 0 
3 . 0 5 
Mea s u r ed The o r e . 
p re s s ur e  p r e s sure 
m 
2 . 8 2 
2 . 8 1  
2 . 7 7 
1 . 7 8 
0 . 8 8 
0 . 0 0 
4 . 2 3 
4 . 2 3 
4 .  1 9  
3 . 5 2 
2 . 3 4 
1 . 4 2 
4 . 2 3 
4 . 2 7 
4 . 5 2 
4 . 1 6 
3 . 2 7 
2 . 4 5 
m 
2 . 8 1 7  
. 2 . 8 2 3  
2 . 8 5 5  
2 . 1 1 3 
1 . 1 0 9  
0 . 1 0 9 
4 . 2 2 6  
4 . 2 2 6  
4 . 2 6 2  
4 . 0 0 6  
2 . 7 3 8  
1 . 5 4 6  
4 . 2 2 6  
4 . 2 3 8  
4 . 4 1 5  
4 . 3 4 1  
3 . 4 0 5  
2 . 7 9 6  
7l 
3 THEORY 
• MEASUREMENT ( 0 . 019-m ,  2 7 . 6  kpa) 
0 MEASUREMENT ( 0 . 019-m ,  41 . 4  kpa) 
X MEASUREMENT ( 0 . 01 3-m , 41 . 4  kpa) 
2 f = 0 . 4  '"' 
s B • 0 . 78 '-"' 
� Z /M = 0 . 65 H 
� > � � � 
.. • >e 
1 
LENGTH FROM THE DOWNSTREAM END , s (m) 










. � p.. 
.. v MEASUREMENT ( 0 . 019-m ,  
2 7 . 6  kpa) 
fJl P-4 2 
0 MEASUREMENT (0 . 019-m ,  4 1 . 4  kpa) 




f - 0 . 4 
B • 0 . 7 8 





--�6------7a-----71 �0----�1�2�--�1 4 
LENGTH FROM THE DOWNSTREAM END , s (m) 
Figure 16 . Comparison of theoretical and measured pressures . 
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Tab l e  1 4 . Compa r i son o f  the Labo ratory and t h e o re t i ca l  va l u e s  o f  
tube f l ow rate , ve l oc i ty
. head and f r i c t i on l o s s . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Tes t i ng S ta t i on Mea s u red Theor . Measured Theo r . Mea s u r ed The o r . 
cond i t i on n umb e r  Q Q VH VH H f  H f  
( 0 . 0 1 9 -m 
and 
2 7 . 6  k Pa ) 
( 0 . 0 1 9 - m 
and 
4 1 . 4  k Pa ) 
( 0 . 0 1 3 -m 
and 



















m l /h ml / h 
0 . 0 5 0 4  
0 . 3 3 1 3  
0 . 6 6 6 3  
0 . 9 3 2 8  
1 . 0 8 7 6  
1 . 2 0 6 5 
0 . 0 6 4 8  
0 . 3 3 3 1 
0 . 6 5 3 7  
0 . 8 3 3 7  
1 . 0 3 5 4  
1 . 2 7 6 9  
0 . 0 6 4 8  
0 . 3 2 4 1 
0 . 6 4 1 0 
0 . 8 2 8 3  
1 . 0 5 1 5 
1 . 2 7 4 8  
0 . 0 5 4  
0 . 3 5 9 
0 . 6 8 4  
0 . 9 2 0 
1 . 0 8 0  
1 . 3 0 1  
0 . 0 0 0  
0 . 3 0 8 
0 . 6 1 6 
0 . 8 2 4  
1 . 0 6 4  
1 . 3 0 3  
0 . 0 0 0  
0 . 3 0 8 
0 . 6 2 0  
0 . 8 4 5  
1 . 0 9 4  
1 . 3 3 4  
m 
0 . 0 0 0 1 
0 . 0 0 6 2  
0 . 0 2 3 3  
0 . 0 4 2 6  
0 . 0 5 7 8  
0 . 0 6 8 9  
0 . 0 0 0 2  
0 . 0 0 6 1 
0 . 0 2 2 6  
0 . 0 3 5 2  
0 . 0 5 3 0  
0 . 0 7 7 4  
0 . 0 0 0 6  
0 . 0 2 0 9  
0 . 0 6 8 8  
0 . 1 1 7 1  
0 . 1 8 3 5  
0 . 2 5 3 1 
m 
0 . 0 0 0  
0 . 0 0 6  
0 . 0 2 2  
0 . 0 4 1  
0 . 0 5 5  
0 . 0 8 4  
0 . 0 0 0  
0 . 0 0 4  
0 . 0 1 8  
0 . 0 3 2  
0 . 0 5 4  
0 . 0 8 4  
0 . 0 0 0  
0 . 0 1 5  
0 . 0 5 9  
0 . 1 0 8 
0 . 1 8 5 
0 . 2 7 3  
m 
0 . 0 0 0  
0 . 0 0 0  
0 . 0 5 7  
0 . 1 5 1  
0 . 2 2 8 
0 . 3 0 1  
0 . 0 0 0  
0 . 0 1 7  
0 . 0 7 5  
0 . 1 5 1  
0 . 2 5 6 
0 . 3 2 1  
0 . 0 0 0  
0 . 0 6 1  
0 . 3 8 7  
0 . 8 6 6  
1 .  1 1 9 
1 . 5 2 7  
m 
0 . 0 0 0  
0 . 0 1 8  
0 . 09 5  
0 . 2 0 4  
0 . 3 0 0 
0 . 4 0 9  
o . o o o  
0 . 0 0 9  
0 . 0 7 2  
0 . 1 5 1  
0 . 2 8 8  
0 . 4 0 9  
o . o o o  
0 . 0 5 0  
0 . 3 2 1  
0 . 6 9 0  
1 . 3 4 8  
1 . 8 1 1 
1 .  5 
• 
0 
1 .  2 5  X 
1 .  0 
. 2 5 
THEORY 
CALCULATED LABORATORY DATA 
( 0 . 019-m ,  2 7 . 6  kpa) 
CALCULATED LAB ORATORY DATA 
( 0 . 019-m ,  41 . 4  kpa) 
CALCULATED LAB ORATORY 
( 0 . 013-m ,  4 1 . 4  kpa ) 
f - 0 . 4  
B • 0 .  7 8  
Z/M =- 0 . 65 
DATA 
7 4  
0 �-----L------�----�------�----�------�----� 
0 2 4 6 
8 1 0 1 2  1 4 
LENGTH FROM THE DOWNSTREAM END ,
 s (m) 
Figure 17 . Compar i s on o f  t
heoret ical tube f low r
ate with 
the tube f low rate
s calcu l a t ed f rom the 
measured p er fo rat io
n flow r a t e s . 
,-... s '-' 
� ::t: 





• CALCULATED LABORATORY DATA 
( 0 . 019-m ,  2 7 . 6  kpa) 
0 CALCULATED LABORATORY DATA 
0 .  3 ( 0 .  01 9-m,  41 . 4  kpa) ' 
0 . 2 
0 .  1 
X CALCULATED LABORATORY DATA 
( 0 . 013-m ,  41 . 4  kpa) 
f = 0 . 4  
B = 0 . 78 
Z/M =- 0 . 65 
LENGTH FROM THE DOWNSTREAM END , s (m) 
Figure 18 . Comparison of theoretical velo c ity heads with 
· velo city heads calculated from meas�red data . 
75 ' 
2 . 0  











0 . 5 
0 
0 
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THEORY 
• CALCULATED LABORATORY DATA 
· (0 . 019-m ,  2 7 . 6  kpa) 
0 CALCULATED LABORATORY DATA 
( 0 . 019-m ,  41 . 4  kpa) 
)( CALCULATED LABORATORY 
(0 . 013-m ,  41 . 4  kpa) 
DATA 
f = 0 . 4  
B = 0 . 7 8  
Z /M = 0 . 65 
2 4 6 8 1 0  1 2  
LENGTH FROM THE DOWNSTREAM END , s (m) 
F igure 19 . Comparison o f  theoret ical frict ion los ses with the 
frict ion losses calculat ed from the measured data . 
1 4  
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a r e  l owe r than t h e  t h e o r e t i c a l  va l u� s . A p r obab l e  
exp l ana t i on 
c o e f f i c i en t  
i s  t h a t  t h e  H a z e n - W i l l i am s  r oughn e s s  
eval uat ed by Shanna and C h u  ( 1 9 8 2 ) may b e  t o o  
l ar g e  f o r  t h e  tube s u s ed i n  th i s  s tudy . A l a r g e  f r i c t i on 
c o e f f i c i en t  r e s u l t s  i n  l ar g e  t'h e o r e t i c a l  f r i c t i on l o s s e s  
and a l s o  l a r g e  t h e o r e t i c a l  p r e s s u r e  r e ad i ng s . 
R e s u l t s  o f  a s t at i s t i c a l  ana l y s i s  a l s o  i nd i c at e  
t h a t  t h e  t h e o r y  c an be u s ed to de s c r i be t h e  l abo rat o r y  da ta 
s e t s  ( Tab l e  1 5 ) . W i t h  the except i on of the f r i c t i on l o s s  
t h e  s l op e  o f  t h e  r e g re s s i on l i n e  be twe en t h e  t h e o re t i c a l  
r e s u l t s  and t h e  l abo r a t o ry data i s  f r om 0 . 9 7 8  t o  1 . 0 6 8 . 
Th e s l ope o f  t h e  r e g r e s s i on l i ne · f o r  f r i c t i on l o s s  rang e s  
f r o m  1 . 1 1 3 t o  1 . 3 5 1 , wh i ch i nd i c a t e s  t h a t  t h e  Haz e n ­
W i l l i am s  r ou g h n e s s  c o e f f i c i e nt e s t i ma t ed by S hanna a n d  Chu 
( 1 9 8 2 ) may b e  too l a rg e . Regre s s i on l i ne s l op e s  are not 
d i f fe r e n t  f ro m  t h e  t h e o r e t i c a l  va l u e s  of 1 . 0 at t h e  9 5  
p e r c e n t  l ev e l  o f  s i g n i f i c ance f o r  e l evat i on ,  p r e s s u r e , tube 
f l ow r a t e  and v e l oc i t y h e ad . The s t anda r d  e r r o r  o f  t h e  
s l op e  n f  t h e  r e g r e s s i on l i ne rang e s  f r o m  0 . 0 0 3  t o  0 . 0 7 ,  
wh i c h i nd i c a t e s  that the s l ope o f  t h e  r e g r e s s i o n l i ne o f  
t h e  t h e o r e t i c a l  and l ab o r a t o r y  data i s  v e r y  c l o s e  t o  1 . 0 .  
The c o e f f i c i en t  o f  de t e rm i nat i on between t h e  t h e o r y  and t h e  
l ab o r a t o r y . m e a s u r eme n t s  rang es f r om 0 . 9 8 0  t o  1 . 0 0 0 , wh i ch 
i nd i c a t e  a p e r f e c t  c o r r e l a t i on be twe e n  t h e  t h e o r y  and 
l abo r a t o ry v a l u e s . 
Tab l e  1 5 . 
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S tat i s t i c a l  ana l ys i s  o f  t h e  t he o r e t i c a l  and 
l ab o r at o r y  data . 
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
- - - - - - - - - - - - - - - - - - - - - - - � - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
· Parame t e r  Tube D owns t ream S l op e  o f  S tanda rd D e t e r . 
d i ame t e r  end p r e s s u r e  r e g r e s s i on e r ro r  o f  c o e f f . 
m kPa ( m ) l i n e  t h e  s l o p e  R2 
E l evat i on 0 . 0 1 9  
0 . 0 1 9  
0 . 0 1 3  
P r e s s u r e  0 . 0 1 9  
0 . 0 1 9  
0 . 0 1 3  
2 7 . 6  ( 2 . 8 2 )  
4 1 . 4  ( 4 . 2 2 )  
4 1 . 4  ( 4 . 2 2 )  
2 7 . 6  ( 2 . 8 2 )  
4 1 . 4  ( 4 . 2 2 )  
4 1 . 4  ( 4 . 2 2 )  
1 . 0 0 4  0 . 0 0 3  1 . 0 0 0  
0 . 9 7 8  0 . 0 2 7  0 . 9 9 6  
1 . 0 3 2  0 . 0 4 0  0 . 9 9 2  
1 . 0 3 8  0 . 0 3 1  0 . 9 9 5  
1 . 0 4 2  0 . 0 2 7  0 . 9 9 6  
1 . 0 1 5  0 . 0 1 8  0 . 9 9 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -- - - - - -
Tube f l ow 0 . 0 1 9  2 7 . 6  ( 2 . 8 2 )  1 . 0 2 8  0 . 0 1 8  0 . 9 9 8  
r a t e  
0 . 0 1 9  4 1 . 4  ( 4 . 2 2 )  1 . 0 0 4  0 . 0 1 9  0 . 9 9 8  
0 . 0 1 3  4 1 . 4  ( 4 . 2 2 )  1 . 0 2 8  - o .  o 1 9  0 . 9 9 8  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
Ve l oc i ty 0 . 0 1 9  2 7 . 6  ( 2 . 8 2 )  1 . 0 6 8  0 . 0 5 8  0 .  9 8- 5  
h ead 
0 . 0 1 9  4 1 . 4  (-- 4 .  2 2 )  1 . 0 2 6  0 . 0 3 5  0 . 9 9 4  
0 . 0 1 3  4 1 . 4  ( 4 . 2 2 )  1 . 0 3 1  0 . 0 2 9  0 . 9 9 6  
- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
F r i c t i on 0 . 0 1 9  2 7 . 6  ( 2 . 8 2 )  1 . 3 5 1  0 . 0 2 8  0 . 9 9 7  
l o s s  
0 . 0 1 9  4 1 . 4  ( 4 . 2 2 )  1 . 1 8 2  0 . 0 4 6  0 . 9 9 2  
0 . 0 1 3  4 1 . 4  ( 4 . 2 2 )  1 .  1 1 3 0 . 0 7 0  0 . 9 8 0  
7 9. 
S UMMARY AND CONCLUS I ON 
The h ydrau l i c  t h e o r y  f o r  a c at e na r y  t ra i l  tube 
( Chu , 1 9 8 6 ) was eva l ua t ed i n  t h e  l abo r a t o r y  f o r  c o nd i t i on s  
wh i ch s i mu l a t ed t h e  o u t e rmo s t  t r a i l tube o n  a 5 3 - h a  c en t e r  
p i vo t  s ys t em . The c e n t e r  p i v o t  s ys te m  wa s d e s i gned to 
app l y  0 . 0 2 5 4  m of wa t e r  i n  a pe r i od of 3 days on a 1 . 0  
i nt ak e  fam i l y  s o i l . The de s i gn c a t en a r y  tube f l ow r a t e  was 
1 . 3 3 m l / h r . T h e  fo l l ow i ng t h r e e  t ube c o nd i t i o n s  were u s ed 
i n  t h e  s tudy : 0 . 0 1 9  m t ube and 2 8  k P a  i n l e t  p r e s sure ; 
0 . 0 1 9 -m t ub e  and 4 1  kPa ; and 0 . 0 1 3 - m and 4 1  k Pa . 
Tube l en g t h  and pe r f o rat i o n l o c a t i on we re 
de t e rm i ned f r om t h e  t h e o ry and· u s ed in the l ab o r a t o r y  
s tudy . Th e o re t i c a l  v e l oc i t y h e ad s , t ube e l evat i on s , and 
f r i c t i on l o s s e s  we r e  a l s o  de t e rm i n e d  . . Labo rat o ry 
m e a s u r eme n t s  i nc luded pe r f o ra t i o n f l ow r a t e s , tube 
e l e vat i o n s  and wa t e r  p r e s s u re s . Tube f l ow r at e s , ve l o c i t y 
h e ad s  and f r i c t i on l o s s e s  we r e  c a l c u l a t e d  f r o m  t h e  measured 
l ab o r a t o r y  da ta . The t h e o r e t i c a l  and l ab o r a t o r y  ba s ed da ta 
s e t s  were u s eq to eva l ua t e  t h e  t h e or y . 
Graph i c a l  and s ta t i s t i c a l  ana l y s e s  we r e  used f o r  
e va l uat i on purpo s e s . Re s u l t s  o f  a g r aph i c a l  ana l ys i s  
i nd i c a t e s t h a t  the t h e o r y can be us ed t o  de s c r i b e t h e  
l abo r a t o r y  da t a  s e t s . Th e o r e t i c a l  and l ab o r a t o_r y  da t a  w e r e  
a l s o  u s ed i n  t h e  c on s t ruc t i on o f  g r aph s wh e r e  t h e o r e t i c a l  
v a l u e s  we re p l o t t ed oppo s i t e the c o r r e s po nd i ng l ab o r a t o r y  
8 0 . 
va l u e s . D a t a  v a l u e s  po s i t i oned on a 4 5  d e g r e e  l i ne ( s l ope 
of 1 . 0 )  i nd i c a t e  a pe r f e c t  c o r r e l a t i o n  b e tw e e n  the t h e o r y  
and l ab o r a t o ry v a l u e s . 
S t at i s t i ca l  ana l ys e s  o f  the tub e  t h e o r y  evaluat i on 
i s  r e p r e s e n t ed 
t h e o r e t i ca l  and 
by t h e  s l o pe of the r e g r e s s i on l i n e  o f  
l ab o r a t o r y  data , and t h e  c o e f f i c i e n t  
de t e rm i na t i on . The 
e l e va t i o n , · p r e s s u r e , 
s l ope s 
tube 
of the r e g r e s s i o n  l i ne s  





ran g e d  f rom 0 . 9 7 8  t o  1 . 0 6 8 , and t h a t  o f  f r i c t i on l o s s  
ranged f rom 1 . 1 1 3 t o  1 . 3 5 1  wh i c h  i nd i c a t e s  that t h e  
H a z e n - W i l l i am s  roughn e s s  c o e f f i c i en t  m a y  b e  t o o  l a r g e . T h e  
s l op e s  we r e  n o t  d i f f e r e n t  f r om t h e  t h e o r e t i c a l  value s o f  
1 . 0  at t h e  9 5  pe rcent l eve l o f  s i g n i f i c a n c e  f o r  e l evat i o n , 
pre s s u r e , t ube f l ow rate and v e l o c i t y h e ad . The 
c o e f f i c i e n t  of de t e rm i na t i on be twe e n  t h e  t he o ry and t h �  
l ab o r a t o r y  me a s u r eme n t s  ranged f r om 0 . 9 8 0  t o  1 . 0 0 0 . 
The c o nc l u s i o n o f  th i s  s t udy i s  t h a t  t h e  t h e o r y  can 
be u s ed t o  de s c r i be f l ow charact e r i s t i c s  in a pe r f o rated , 
catenary t r a i l tube and thus c an b e  u s e d  fo r des i gn 
purpo s e s . 
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APPEND I CE S  
APPEND I X  � 
Comput e r  p r o g r am l i s t i ng o f  t h e  tube f l ow r a t e  ra t i o ,  
v e l oc i t y head rat i o  and e l evat i on r at i o . 
8 5  
1 0 0 0  
1 0 1 0  
1 0 2 0  
1 0 3 0  
1 0 4 0  
1 0 5 0  
1 0 6 0  
1 0 7 0  
1 0 8 0  
1 0 9 0  . 
1 1 0 0  
1 1 1 0 
1 1 2 0 
1 1 3 0 
1 1 4 0  
1 1 5 0  
1 1 6 0  
1 1 7 0  
1 1 8 0  
1 1 9 0  
1 2 0 0  
1 2 1 0  
1 2 2 0  
1 2 3 0  
1 2 4 0  
1 2 5 0  
1 2 6 0  
1 2 7 0  
1 2 8 0  
1 2 9 0  
1 3 0 0  
1 3 1 0  
1 3 2 0  
1 3 3 0  
1 3 4 0  
1 3 5 0  
1 3 6 0  
1 3 7 0  
1 3 8 0  
1 3 9 0  
1 4 0 0  
1 4 1 0  
1 4 2 0  
1 4 3 0  
1 4 4 0  
1 4 5 0  
DEFDBL A-W ,  Y , ·z 
D E F  FNS I NH ( D ) : ( EXP ( D ) - EXP ( -D ) ) / 2 
D E F  FNCO S H ( D ) : ( EXP ( D ) +EXP ( - D ) ) / 2 
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C L S : PR I NT " Wh e r e  do you wan t t h e  o u t pu t  t o  g o  . . . .  " :  
PR I NT " 1 t o  t h e  pr i n t e r  o r " : 
PR I NT " 2  t o  t h e  d i s p l ay "  
PR INT : PR I NT 
B $ = " "  
B $ = I NKEY$ : I F LEN ( B $ ) < 0 THEN 1 0 5 0  
I F  B $ = " 1 "  T HE N  B $ = " LPT 1 : "  GOTO 1 1 0 0  
I F  B $ = " 2 "  THEN B $ = " S CRN : " GOTO 1 1 0 0  
GOTO 1 0 5 0  
OPEN B $  FOR OUTPUT AS # 1  
W I DTH B $ , 8 0 
F : . 4  
B : . 8  
Z M = . 5  
D I M  XM ( 4 1 ) , S L ( 4 1 ) , QR ( 4 1 ) , VHR ( 4 1 ) , YR ( 4 1 ) 
PR I NT # 1 ,  " X / M  s / L  QR VHR " ; : 
PR I NT # 1 , "  YR FOR B : . 8  & Z / M= . 5 " 
PR I NT # 1 , 
K = O : FLAG l = - 2 
FOR XM = O  TO . 7 5 0 0 0 0 1 STEP_  . 0 5 
I F  F LAG 1 < 0  THEN 1 2 2 0  
FOR XM= . 7 6 TO 1 S TE P  . 0 1 
K = K + l 
XM ( K ) = XM 
I F  ABS ( ( B - ( B * S QR (  1 - XM ) ) + (  ( 1 - B ) * XM ) ) )  < . - 0 0 0 0 0 1 
THEN S L ( K ) : O : QR ( K ) : O : 
VHR ( K ) = O : YR ( K ) : O : GOTO 1 4 0 0  
XX = ( ( XM- ZM ) / ( F * ZM ) ) 
KK = FN S I NH ( XX )  
S M = ZM + F * ZM * KK 
Z Z : ( ( 1 - ZM ) / ( F * ZM ) ) 
J J : FN S I NH ( Z Z )  
LM = ZM+F * ZM * J J 
I F  XM > ZM THEN S L ( K ) : SM / LM : GOTO 1 3 3 0  
S L  ( K )  = XM / LM 
QR ( K ) = ( B - ( B * S QR ( AB S ( 1 -XM ) ) ) + ( ( 1 - B ) * XM ) ) 
VHR ( K ) : ( QR ( K ) ) A 2 
. 
NN : ( ( XM- ZM ) / ( F * ZM ) ) 
MM = FNCOS H ( NN ) - 1 
PP : ( ( l - ZM ) / ( F * ZM ) )  
TT = FNCOS H ( PP ) - 1 
YR ( K ) � MM / TT : I F  XM < = ZM THEN YR ( K ) = O 
PR $ = " # . # # # " 
I F  FLAGl < O  THEN 1 4 3 0 
NEXT XM : GOTO 1 4 4 0  
NEXT XM 
FLAG 1 = F LAG 1 + 4 : I F  FLAG 1 > 3  THEN 1 4 6 0  
GOTO 1 2 0 0  
1 4 6 0  FOR X = 2  TO 4 1  
1 4 7 0  PR I NT # 1 , TAB ( 5 ) ; : PR I NT # 1 , US I NG P � $ ; XM ( X ) ; :  
PR I NT # 1 , TAB ( 1 5 ) ; 
1 4 8 0  PR I NT # 1 , US I NG PR $ ; S L ( X ) ; : PR I NT # 1 , TAB ( 2 5 ) ; :  
PR I NT # 1 , US I NG PR$ ; QR ( X ) ; 
1 4 9 0  PR I NT # 1 , TAB ( 3 5 ) � : PR I NT # 1 , US I NG PR $ ; VHR ( X ) ; :  
PR I NT # 1 , TAB ( 4 5 ) ; 
1 5 0 0  PR I NT # 1 , US I NG PR $ ; YR ( X )  
1 5 1 0  NEXT X 
1 5 2 0  END 
87 
APPEND I X  � 
Comput e r  p r o g ram l i s t i ng o f  t h e  nume r i c a l  
s o l u t i on o f  the f r i c t i o n l o s s  ra t i o  
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1 0 0 0  
1 0 1 0  
1 0 2 0  
- 1 0 3 0  
1 0 4 0  
1 0 5 0  
1 0 6 0  
1 0 7 0  
1 0 8 0  
1 0 9 0  
1 1 0 0  
1 1 1 0 
1 1 2 0  
1 1 3 0  
1 1 4 0  
1 1 5 0  
1 1 6 0  
1 1 7 0  
1 1 8 0  
1 1 9 0  
1 2 0 0  
1 2 1 0 
1 2 2 0  
1 2 3 0  
1 2 4 0  
1 2 5 0  
1 2 6 0  
1 2 7 0  
1 2 8 0  
1 2 9 0  
1 3 0 0  
1 3 1 0 
1 3 2 0  
1 3 3 0  
1 3 4 0  
1 3 5 0  
1 3 6 0  
1 3 7 0  
1 3 8 0  
1 3 9 0  
1 4 0 0  
1 4 1 0  
DEFDBL A- W , Y , Z  
DEF FNCOS H ( D ) : ( EXP ( D ) +EXP ( - D ) ) / 2 
D E F  FNS I NH ( D ) = ( EXP ( D ) - EXP ( - D ) ) / 2 
C LS : PR I NT " Wh e r e  do you wan t  t h e  o u t p u t  t o  g o  . . . .  " :  
PR I NT "  1 t o  the. pr i n t e r  o r " : 
PR I NT " 2  t o  the d i s p l ay " 
PR I NT : PR I NT 
B $ = " " 
B $ = I NKEY $ : I F LE N ( B $ ) < 0 THEN 1 0 5 0  
I F  B $ = " 1 "  THEN B $ = " LPT 1 : "  GOTO 1 1 0 0  
I F  B $ = " 2 "  THEN B $ = " S CRN : " GOTO 1 1 0 0  
GOTO 1 0 5 0  
OPEN B $  FOR OUTPUT AS # 1  
W I DTH B $ , 8 0 
F : . 4  
B : . 8  
Z M : . 5  
POW : 1 . 8 5 #  
D I M  A ( 1 2 1 ) , AA ( 1 2 1 ) , D A ( 1 2 1 ) , F ( 1 2 1 ) , HR ( 1 2 1 ) , 
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S L ( 1 2 1 ) , XM ( 1 2 1 ) 
PR I NT # 1 , " 
PR I NT # 1 ,  " 
PR I NT # 1 , 
X / M  
HR 
K = O  : FLAG 1 % = - 2 : ONE = 1 #  
s / L  
FOR 
BEG ! = O : LAS T ! : . 4 9 9 5 # : I NCR ! : . 0 1 2 5  
FOR XM = BE G ! TO LAS T ! STEP I NCR ! 
K = K + ON E  
I F  XM > 1  THEN XM : ONE 
XM ( K )  =XM 
PP : ( XM - ZM ) / ( F * ZM )  
TT = FNCOS H ( PP )  
XX = ( ( XM- ZM ) / ( F * ZM ) ) 
KK = FNS I NH ( XX )  
S M = ZM+ F * ZM * KK 
Z Z = ( ( 1 - ZM ) / ( F * ZM ) ) 
J J = FN S I NH ( Z Z )  
LM : ZM + F * ZM * J J 
I F  XM > ZM THEN 
A AA " ;  : 
B = . 8  & Z / M = . S  " 
F ( K ) : ( B - B * S QR ( ONE -XM ) + ( ONE - B ) * XM ) A POW * ( TT / LM ) : 
S L ( K ) : S M / LM 
E L S E  
F ( K ) : ( ( B - B * S QR ( ONE -XM ) + ( ONE - B ) * XM ) A POW ) / LM 
S L ( K ) =XM/ LM 
I F  XM > ONE THEN GOTO 1 3 6 0  
NEXT XM : GOTO 1 3 6 0  
FLAG 1 % : FLAG 1 %+ 4 : I F  FLAG 1 % > 3 THEN 1 3 9 0  
BEG ! : . 5 0 0 0 0 1 # : LAST ! : l . 0 0 0 0 2  : I NCR ! : . 0 0 6 2 5  
GOTO 1 2 1 0 
A = O  : D T = 2 # * ( . 0 1 2 5 # ) / 6 #  : L%= 1 : F LAG l % = 0  
FOR I % = 1 TO 1 1 9 S TE P  2 
K%= ! % + 1 : J% = I % + 2 
1 4 2 0  
1 4 3 0  
1 4 4 0  
1 4 5 0  
1 4 6 0  
1 4 7 0  
1 4 8 0  
1 4 9 0  
1 5 0 0  
1 5 1 0  
1 5 2 0  
1 5 3 0  
1 5 4 0  
1 5 5 0  
. 1 5 6 0  
DA ( L% ) =  D T  * ( F ( I % ) + 4 * F ( K% ) + F ( J% ) ) . : 
I F  F LAG 1 % > 1 THEN 1 4 4 0  
I F  XM ( J % ) > ZM THEN DT= 2 # * ( . 0 0 6 2 5 # ) / 6 #  FLAG 1 % = 2 
A = A + DA ( L% )  : A ( L% ) =A : L% = L%+ 1 
NEXT I %  
I % = 1 
PR $ =  " # . # # # " 
FOR J% : 3  TO 1 2 1  S TE P  2 
AA ( I %  ) = A -A ( I %  ) 
HR ( I % )  = A  ( I % )  I A 
PR I NT # 1 , TAB ( 5 ) ; : PR I NT # 1 , US I NG PR $ ; XM ( J% ) ; :  
PR I NT # 1 , TAB ( 1 5 ) ; 
PR I NT # 1 , U S I NG PR $ ; S L ( J% ) ; : PR I NT # 1 , TAB ( 2 5 ) ; :  
PR I NT # 1 , U S I NG PR $ ; A ( I % ) ; 
PR I NT # 1 , TAB ( 3 5 ) ; : PR I NT # 1 , US I NG PR $ ; AA ( I % ) ; :  
PR I NT # 1 , TAB ( 4 5 ) ; 
PR I NT # 1 , U S I NG PR $ ; HR ( I % )  
I % = I %+ 1 NEXT J% 
END 
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APPEND I X  Q. 
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. De f i n i t i on Un i t s us ed 
O r i f i c e c r o s s - s e c t i on a l  a r e a  
T u b e  i r r i gated a r e a  
A n  i n f i l t rat i on parame t e r  i n  
th e Ph i l i p ' s mode l ( 1 9 5 7 ) 
An i n f i l t rat i on param e t e r  i n  
t h e  Ph i l i p ' s  mode l ( 1 9 5 7 ) 
Tube c ro s s - s e c t i on a l  area 
An i n f i l t rat i on i ndex c a l cu l a t ed 
f rom Ph i l i p ' s mode l ( 1 9 5 7 ) 
Ha z en -W i l l i ams roughn e s s  c oe f f i c i e n t  
D i s ch a r g e  c o e f f i c i ent 
Pe r fo ra t i on d i ame t e r  
I n s i de p i pe d i amet e r  
D e p t h  o f  app l i cat i on 
F r i c t i on c o e f f i c i en t  b e tw e e n  t h e  
t ub e  a n d  t h e  g round s u r fac e 
F fac t o r  
Adj us t ed F fac t o r  
F f ac t o r  o r  t o tal f r i c t i on l o s s  o f  
a c at en a r y  t ra i l  tube d i v i de d  b y  t h e  
f r i c t i on l o s s  o f  a cat enary t ra i l tube 
Grav i t a t i onal ac c e l e rat i on = 9 . 8  
Un i t  we i gh t  o f  wat e r  
· F r i c t i on l o s s  
F r i c t i on l o s s  from t h e  po i n t  s t o  t h e  
down s t r e am end 
m / h r 0 · s 




m / s 2 
N / m 3 
m 
m 
















D e f i n i t i o n 
T o t a l  f r i c t i on l o s s  o f  a 
c a t enary tube 
F r i c t i on l o s s  of a 6 a t e n a r y  t ra i l 
t ube w i t h o u t  pe r f o r a t i on s  
F r i c t i on l o s s  rat i o  
T o t a l  l en g t h  o f  the c a t en a r y  tube 
H o r i z on t a l  p r o j e c t i on l en g t h  
P r e s s u r e  at t h e  down s t r e am e n d  
o f  t h e  tube 
P r e s s u r e  a t  the po i n t s f r om t h e  
d o wn s t r eam e n d  o f  t h e  t ub e  
O r i f i c e  f l ow rate 
F l ow rate 
Total c a t e na r y  t ube f l ow r a t e  
F l ow r a t e  r a t i o  
Tube f l ow rat� a t  a d i s tanc e s f r om 
the down s t r e am end of the tube 
Rad i a l d i s tanc e f r om t h e  t ub e  
t o  p i vo t  
Hyd r au l i c  rad i u s o f  t h e  p i pe 
D i s t anc e f rom a po i n t  o n  t h e  tube 
to the down s t r eam end 
T i me o f  appl i ca t i on 
T i me r e qu i r e d  f o r  t h e  c e n t e r  p i v o t  
s ys t em t o  c ompl e t e  a fu l l  c i rc l e  
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kPa ( m  o f  
wa t e r ) 
k Pa ( m  o f  
wat e r ) 
m l / s  




h r  
h r s  
C on t i nued 











D e f i n i t i on 
C o n s t an t  t rave l i ng s pe ed o f  t h e  
t ra i l tube 
Ve l oc i t y of the tube f l ow at t h e  
ups t r e am end 
V e l o c i t y h ead 
Ve l o c i t y h e ad rat i o  
Tube s pac i n g  
H o r i z o n t a l  p r o j ec t i on l e ng th a t  
t h e  t ube d i s t ance , s ,  f r o m  t h e  
down s t r e am end o f  t h e  t ube 
H e i gh t  of t h e  center p i vo t  
ma i n l i n e 
Tube e l eva t i on r a t i o  
Tube e l ev a t i on a t  s d i s t an c e  f r om 
the down s t r eam end of the tube 
E l evat i on 
Down s t re am s ec t i on l eng t h  
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Un i t s u s ed 
m / h r  
cm / s  
m 
m 
m 
m 
m 
m 
m 
